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Summary
An unknown Saccharopolyspora species which displayed fungicidal activity was selected as a 
representative of the genus. The antifungal activity could not be repeated in liquid cultures after the 
initial screen despite several different approaches. A defined medium was developed. However, 
biomass yields were low (< lg/1) and antifungal activity was not detected. Good growth was 
obseived in nutrient broth (NB) and on nutrient agar (NA). The maximum specific growth rate in 
NB was 0.25h"^. Growth on NA (measured using image analysis) conformed to the linear growth 
law with a mean radial growth rate of 0.0327mm/h. Fungicidal activity was measured on solid 
media, this was presumably due to antibiotic production, although an active compound could not be 
isolated. A mutation program yielded only non producing mutants despite the mutants having a 
range of growth rates.
A known Saccharopolyspora species, Saccharopolyspora erythraea, was then adopted as a 
representative of the genus for the remainder of the study. Defined media were developed to permit 
growth limitation by a range of nutrients. A comparison of several approaches to calculate the 
maximum specific growth rate was made (ranging from 0.119 to 0.148h“  ^ in carbon limited media, 
0.093 to 0.130h"^ in nitrogen limited, and 0.143 to 0.165h’  ^ in phosphate limited). Curve fitting 
provided an accurate series of specific growth rate estimates.
The control mechanisms involved in the biosynthesis of erythromycin by Saccharopolyspora 
erythraea were investigated. By culturing this organism in a range of conditions, and analysing the 
effects on various growth parameters, nutrient specific patterns of control were obseived.
Increasing biomass and increasing antibiotic titres occuned concurrently in media when growth was 
carbon (C), nitrogen (N), and phosphate (P) limited. Generally, when antibiotic titre parallels 
growth, it is assumed that the product is growth linked. However, further analysis contradicted this. 
The peaks of specific growth rates and specific eiythromycin production rates, obtained by curve 
fitting, were clearly temporally separated in carbon and phosphate limited conditions indicating 
non-growth linked production of erythromycin. Growth associated production was confirmed in 
nitrogen limited conditions.
Phosphate limitation supported higher antibiotic yields than the other limitations (Yp/x max mg/g = 
6.4 in CLl, 18.5 in NLl, and 28.8 in PLl).
Erythromycin production was sensitive to ammonium and to glucose during phosphate limitation. 
However, this sensitivity to glucose was not obvious in the nitrate limited medium, suggesting 
different control mechanisms may affect the growth linked and non-growth linlced production of 
erythromycin.
Investigations into the regulation of the initiation of erythromycin production indicated that energy 
charge was not obviously involved, as it appeared to be related to the specific growth rate rather than 
antibiotic production. The rate of protein synthesis appeared to be a strong candidate for the initiator 
of antibiotic biosynthesis.
Chemostat culture confiimed that erythromycin production was growth linked in nitrate limited 
conditions. However, the kinetics were more complicated as both biomass and antibiotic decreased 
with increasing dilution rates. The data conformed to the model proposed by Pirt (1975) for 
non-competitive inhibition by a growth linked product. A modelling package generated estimates of 
parameters involved (ki = 1.2mg/l, ks = 0.017g/l, |x max = 0.062h"^ and Yp/s = 0.0019).
Table of Contents
Acknowledgments ................................................................................................. ........... . 11
Chapter 1 Introduction................................... ....................................................... ............ 12
1.1 Proposals for the Role of Secondary Metabolism .................................... 12
1.2 ’Rare’ Actinomycetes......................................................................................... 14
1.3 Metabolic Control Mechanisms  ..................................................................17
1.3.1 Control of Primary M etabolism....................................................... 17
1.3.1.1 Substrate Induction..................................................... . 17
1.3.1.2 Feedback Regulation...................................................... 17
1.3.1.3 Catabolic Regulation....................................................... 18
1.3.1.4 Energy Charge Regulation............................................. 18
1.3.2 Control of Secondary Metabolism.................................................. 19
1.3.2.1 Carbon Mediated Control M echanisms....................... 19
1.3.2.2 Nitrogen Mediated Control M echanism s.....................20
1.3.2.3 Phosphate Mediated Control M echanism s................ 22
1.3.2.4 Other Control M echanism s............................................ 23
1.4 Growth Kinetics of Microorganisms.............................................................. 25
1.4.1 Growth on Solid M edia.....................................................................25
1.4.2 Growth in Liquid Culture .................................................................26
1.4.2.1 Batch Culture.................................................................... 26
1.4.2.2 Chemostat Culture..........................................................27
1.4.2.3 Fed Batch Culture...........................................................28
1.4.2.4 Cyclic Fed Batch Culture............................................... 29
1.5 Kinetics of Product Formation........................................................................ 30
1.6 Linear Regression and Curve Fitting Methodology...................................32
Chapter 2 Materials and M ethods.................................................................................35
2.1 Microorganisms (Provided by Shell Research Ltd.).....................................................35
2.1.1 Challenge O rganism s....................................................................... 35
2.2 M edia  .................................. ................ 35
2.2.1 Complex Media:..................................................................................35
2.2.2 Defined Media:.................................................................................... 36
2.3 M ethods  ...................................................................................................38
2.3.1 Maintenance and Cultivation of Organisms ................................. 38
2.3.2 Batch Culture in a Fermenter.......................................................... 38
2.3.3 Continuous Culture...................................  39
2.3.4 A ssa y s ......................................................................................................40
2.3.4.1 Screening for Antibiotics (Cup plate assay):......................40
2.3.4.2 Dry Weight ......................................................................... 41
2.3.4.3 Glucose A ssa y   ..........................................................41
2.3.4.4 Phosphate A ssa y ............................................   41
2.3.4.5 Nitrate A ssay ....................................................   42
2.3.4.G Ammonium A ssa y ............................................................. 42
2.3.4.7 Harvesting Bioreactor Samples for RNA, Protein, and
Nucleotide Determinations............................................. 43
2.3.4.5 RNA Extraction and A ssay .......................   43
2.3.4.9 Protein Extraction and A ssa y ..........................................44
2.3.4.10 Nucleotide Extraction and Measurement (for Energy
Charge A ssa y ).......................    45
Chapter 3 Selection of an Unknown Saccharopolyspora S p e c ie s .................... 48
3.1 Identification.......................................................  48
3.1.1 Utilisation of Adenine............................................................................48
3.1.2 Determination of the Isomer of DAP...........................................   48
3.2 Screening  ...................................................................................................50
3.2.1 Antibacterial and Anti-Yeast Screen .................................................50
3.2.2 Antifungal S creen ................................................................................. 50
3.2.3 Insecticide S creen .................................................................................51
3.2.4 Results from the S c r ee n s ....................................................................51
Chapter 4 Product Formation in the Unknown Saccharopolyspora  S p ec ie s  53
4.1 Extended Screen in Liquid Culture.................................................................. 53
4.2 Development of a Defined Growth M edium..................................................54
4.3 Effects of Oxygen .........................................................  57
4.4 Production on Solid M edia  .......................................................   57
4.5 Growth on Nutrient Agar and in Nutrient Broth.............................................61
4.5.1 Growth on Nutrient Agar......................................................................62
4.5.2 Growth in Nutrient Broth...................................  64
4.6 Antibiotic Production or Nutrient Depletion?................................................. 66
4.6.1 Attempts to Transfer the Active Compound........................   66
4.6.2 Attempts to Isolate the Active Compound by Solvent Extractions 
68
4.6.3 Investigation of Competition for Nutrients...................................... 68
4.6.3.1 Effects of Nutrient Concentration...................................69
4.6.3.2 Lutri P la tes.......................................................................... 71
4.7 Ultra Violet Mutation Program........................................................................75
4.7.1 Production of Mutants.......................................................   76
4.7.2 Screening uv Mutants................... .................................................... 79
4.8 Discussion for Part 1 ....................................................................................   80
4.9 Conclusions for Part 1 ..................................................................   81
Chapter 5 Introduction to Part 2: S tudies on S.orythraea.................................... 83
Chapter 6 S tudies on the Pure Compound of Erythrom ycin...............................85
6.1 Antimicrobial activity of erythromycin............................................................85
6.2 Minimum Inhibitory Concentration of Erythromycin.................................... 86
6.3 Effect of pH on Zone S iz e ......................................................................  87
Chapter 7 Growth and Product Formation in S.erythraea.................................... 90
7.1 Selection and Development of a Defined Medium............................   90
7.1.1 Development of the "L" Series of Media..........................................92
7.2 Time Studies in Shake Flask...........................................................................93
7.2.1 Comparison of Different Methods of Calculating Specific Growth 
R a te s ..........................................................................................   99
7.2.2 Product Formation............................................................................. 105
7.2.3 Relationship Between Growth and Product Formation..............106
7.2.4 Specific Uptake Rates of Nutrients .................................................117
7.3 Effect of Glucose Concentration on Antibiotic Synthesis...................... 122
Chapter 8 Reguiation of Erythromycin B io sy n th es is  ......................................124
8.1 The Effect of the Energy State of the Cell on Antibiotic Production ... 124
8.2 The Effect of the Rate of Protein Synthesis on Antibiotic Production. 131
Chapter 9 Erythromycin Production in Chem ostat C ulture............................... 144
9.1 Erythromycin Production During Nitrogen Limitation ..............................144
9.1.1 Product Formation..............................................................................146
9.1.2 Nutrients............................................................................................... 148
9.1.3 Energy Charge.....................................................................................150
9.1.4 Ribosomal Efficiency......................................................................... 150
9.1.5 D iscussion   ...........................................     152
9.2 Modelling of Chemostat Biomass and Antibiotic Data...........................155
9.3 Conclusions for Part 2 ....................................................................................163
Appendix 1 Listing of the Partial Cubic Spline Computer Program................... 166
Appendix 2 Energy C harge........................................................... ........................... 167
Appendix 3 image Analysis.........................................................................................168
Appendix 4 Listings of Mu Values from Partial Cubic Spline Fits to the Time
Studies Performed in Shake F lasks  ....................................................... 170
Appendix 5 Leudeking and Pi ret M odel.................................................................. 171
Appendix 6 Phosphate Limited Chem ostat............................................................ 172
Appendix 7 Data S h e e ts ..............................................................................................173
List of Figures
Figure 1 Correlation Between the Frequency of Isolation and the Number of
Antibiotics Discovered from Actinomycete Genera  ........................................ 15
Figure 2 A Representation of the Changes in the Growth Parameters Occurring 
During a Cyclic Fed Batch Culture.............................................................   30
Figure 3 The Fermenter Set U p ........................................................................................40
Figure 4 TLC Plate for Determination of Isomer of DAP .............................................49
\
Figure 5 Diagrammatic Representation of the Procedure Used in the Antifungal 
Screen ................................................................................................................................51
Figure 6 Antibiotic Production on Solid Media  ................................   59
Figure 7 Colony Radii on Nutrient Agar ...................................................................63
Figure 8 Growth Curve in Nutrient Broth (N B )  ............................   65
Figure 9 Attempts to Transfer the Active Compound.................................................67
Figure 10 Diagrammatic Representation of a Lutri P late ............................................ 71
Figure 11 Photograph of a Lutri P la te .................................  72
Figure 12 Photograph of R.cerealis Grown on Lutri Plates in the Presence and 
Absence of the Saccharopolyspora S p e c ie ............................................................. 72
Figure 13 Photograph of F.oxysporum Grown on Lutri Plates in the Presence and
Absence of the Saccharopolyspora S p e d ............................................................... 73
Figure 14 Photograph of F.solani Grown on Lutri Plates in the Presence and 
Absence of the Saccharopolyspora S p ec ies .............................................  73
Figure 15 Photograph of A.solanI Grown on Lutri Plates in the Presence and
Absence of the Saccharopolyspora Species................................................   74
Figure 16 Photograph of P.oryzae Grown on Lutri Plates in the Presence and 
Absence of the Saccharopolyspora S p ec ies ............................................................74
Figure 17 Survival of Spores Exposed to Ultraviolet Radiation................................ 78
Figure 18 The Effect of Ultraviolet Exposure on Growth............................................78
Figure 19 Summary of Procedures and Results Obtained in Part 1 .......................80
Figure 20 Biomass and Antibiotic Levels Obtained in the Carbon Limited Time 
Study in Shake Flask (Medium C L l)..........................................................................94
Figure 21 Nutrient Levels in \he Carbon Limited Time Study in Shake Flask(Medium CLl) .....................................................................................   94
Figure 22 Biomass and Antibiotic Levels Obtained in the Nitrogen Limited Time Study in Shake Flask (Medium NL1).......................................................................  95
Figure 23 Nutrient Levels in the Nitrogen Limited Time Study in Shake Flask(Medium NL1) ....................................................................   95
Figure 24 Biomass and Antibiotic Levels Obtained in the Nitrogen Limited Time 
Study in Shake Flask (Medium NL2, asparagine as nitrogen source) ...........96
Figure 25 Biomass and Antibiotic Levels Obtained in the Phosphate Limited Time 
Study in Shake Flask (Medium PLl ) ........................................................................97
Figure 26 Nutrient Levels in the Phosphate Limited Time Study in Shake Flask (Medium PLl) .................................................................................................................97
Figure 27 Biomass and Antibiotic Levels Obtained in the Phosphate Limited Time 
Study in Shake Flask (Medium PL2, asparagine as nitrogen source) ............98
Figure 28 Biomass and Antibiotic Levels Obtained in the Phosphate Limited Time 
Study in Shake Flask (Medium PL3, ammonium as nitrogen source) ............98
Figure 29 Log Plot of Biomass in the Carbon Limited Time Study in Shake Flask (Medium CLl) ...........................................................................       100
Figure 30 Log Plot of Biomass in the Nitrogen Limited Time Study in Shake Flask 
(Medium NLl) ..........................................................................................................   100
Figure 31 Log Plot of Biomass in the Phosphate Limited Time Study in Shake 
Flask (Medium PLl ) .................................................................................................101
Figure 32 Partial Cubic Spline Fit for the Biomass and Antibiotic Levels in the 
Carbon Limited Time Study in Shake Flask (Medium CL1) ..............................108
Figure 33 Partial Cubic Spline Fit for the Level of Antibiotic Produced per
Gramme of Biomass in the Carbon Limited Time Study in Shake Flask (Medium CL1) ...............................................................................................................108
Figure 34 The Specific Growth Rate and the Specific Rate of Antibiotic
Production in Carbon Limited Time Study in Shake Flask (Medium CLl) .... 109
Figure 35 Partial Cubic Spline Fit for the Biomass and Antibiotic Levels in the 
Nitrogen Limited Time Study in Shake Flask (Medium N L l).............................. 109
Figure 36 Partial Cubic Spline Fit for the Level of Antibiotic Produced per Gramme of Biomass in the Nitrogen Limited Time Study in Shake Flask 
(Medium N L1)..............................................   110
Figure 37 The Specific Growth Rate and the Specific Rate of Antibiotic
Production in Nitrogen Limited Time Study in Shake Flask (Medium NL1)... 110
Figure 38 Partial Cubic Spline Fit for the Biomass and Antibiotic Levels in the Nitrogen Limited Time Study in Shake Flask (Medium NL2) ..........................111
Figure 39 The Specific Growth Rate and the Specific Rate of AntibioticProduction in Nitrogen Limited Time Study in Shake Flask (Medium NL2) ..111
Figure 40 Partial Cubic Spline Fit for the Biomass and Antibiotic Levels in the 
Phosphate Limited Time Study in Shake Flask (Medium PLl) ...................... 112
Figure 41 Partial Cubic Spline Fit for the Level of Antibiotic Produced per Gramme of Biomass in the Phosphate Limited Time Study in Shake Flask (Medium P L l).................................................................................................................112
Figure 42 The Specific Growth Rate and the Specific Rate of Antibiotic
Production in Phosphate Limited Time Study in Shake Flask (Medium PL1)
113
Figure 43 Partial Cubic Spline Fit for the Biomass and Antibiotic Levels in the Phosphate Limited Time Study in Shake Flask (Medium PL2) ........................ 113
Figure 44 The Specific Growth Rate and the Specific Rate of Antibiotic
Production in Phosphate Limited Time Study in Shake Flask (Medium PL2)114
Figure 45 Partial Cubic Spline Fit for the Biomass and Antibiotic Levels in the 
Phosphate Limited Time Study in Shake Flask (Medium PL 3)  .........114
Figure 46 The Specific Growth Rate and the Specific Rate of Antibiotic
Production in Phosphate Limited Time Study in Shake Flask (Medium PL3)
115
Figure 47 Partial Cubic Spline Fit of Nutrients Used per Gramme of Biomass in 
the Carbon Limited Time Study in Shake Flask (Medium CLl ) ....................119
Figure 48 The Specific Rates of Nutrient Uptake in Carbon Limited Time Study in Shake Flask (Medium C L l) ...............................  119
Figure 49 Partial Cubic Spline Fit of Nutrients Used per Gramme of Biomass in 
the Nitrogen Limited Time Study in Shake Flask (Medium NLl) .....   120
Figure 50 The Specific Rates of Nutrient Uptake in Nitrogen Limited Time Study
in Shake Flask (Medium NL1) ................................................................................120
Figure 51 Partial Cubic Spline Fit of Nutrients Used per Gramme of Biomass in 
the Phosphate Limited Time Study in Shake Flask (Medium PL1 ) .............. 121
Figure 52 The Specific Rates of Nutrient Uptake in Phosphate Limited Time
Study in Shake Flask (Medium PLl ) ....................................................................121
Figure 53 Biomass and Antibiotic Levels in a Nitrogen Limited Batch Culture: Fermenter Run 1 (Medium N L l)...................................  125
Figure 54 Nutrient Levels in a Nitrogen Limited Batch Culture: Fermenter Run 1 
(Medium N L l) ....................................................................   125
Figure 55 Biomass and Antibiotic Levels in a Phosphate Limited Batch Culture: Fermenter Run 1 (Medium PL1F)............................................................................126
Figure 56 Nutrient Levels in a Phosphate Limited Batch Culture: Fermenter Run 1 (Medium PL1F)...............  126
Figure 57 Specific Growth Rate and Specific Rate of Antibiotic Production in
Nitrogen Limited Batch Culture: Fermenter Run 1 (Medium N L l) ................... 127
Figure 58 Specific Growth Rate and Specific Rate of Antibiotic Production in
Phosphate Limited Batch Culture: Fermenter Run 1 (Medium PLl F ) ............ 127
Figure 59 Specific Nucleotide Levels in a Nitrogen Limited Batch Culture:
Fermenter Run 1 (Medium N L l) ..............................................................................129
Figure 60 Specific Nucleotide Levels in a Phosphate Limited Batch Culture:Fermenter Run 1 (Medium PL1F) ........................................................................... 129
Figure 61 Energy Charge Levels in a Nitrogen Limited Batch Culture: Fermenter 
Run 1 (Medium NLl) ...................................................................................................130
Figure 62 Energy Charge Levels in a Phosphate Limited Batch Culture:Fermenter Run 1 (Medium PLF1)........................................................................  130
Figure 63 Biomass and Antibiotic Levels in a Nitrogen Limited Batch Culture: Fermenter Run 2 (Medium NL1) ....................................  132
Figure 64 Nutrient Levels in a Nitrogen Limited Batch Culture: Fermenter Run 2 
(Medium N L l).....................................................................................................   132
Figure 65 Specific Growth Rate and Specific Rate of Antibiotic Production in a 
Nitrogen Limited Batch Culture: Fermenter Run 2 (Medium N L l) ................  133
Figure 66 Specific Nutrient Uptake Rates in a Nitrogen Limited Batch Culture: 
Fermenter Run 2 (Medium N L l) ..............................................................................133
Figure 67 Energy Charge Levels in a Nitrogen Limited Batch Culture: Fermenter 
Run 2 (Medium NLl ) .................................................................................................. 134
Figure 68 Biomass and Antibiotic Levels in a Phosphate Limited Batch Culture: 
Fermenter Run 2 (Medium PL1F).......................................................................... 134
Figure 69 Nutrient Levels in a Phosphate Limited Batch Culture: Fermenter Run
2 (Medium P U F ) ...................................  135
Figure 70 Specific Growth Rate and Specific Rate of Antibiotic Production in a 
Phosphate Limited Batch Culture: Fermenter Run 2 (Medium PL1F) 135
Figure 71 Specific Nutrient Uptake Rates in a Phosphate Limited Batch Culture: 
Fermenter Run 2 (Medium PLl F) ...............    136
Figure 72 Energy Charge Levels in a Phosphate Limited Batch Culture:
Fermenter Run 2 (Medium PL1F)........................................................................... 136
Figure 73 Proposed Model for Alternative Routes Leading to the Initiation of
Antibiotic B iosynthesis.........................................................  138
Figure 74 Ratio of Protein to RNA in a Nitrogen Limited Batch Culture: Fermenter 
Run 2 (Medium NL1).................................................................................................... 139
Figure 75 Ratio of Protein to RNA in a Phosphate Limited Batch Culture:
Fermenter Run 2 (Medium PL1F) ........................................................................... 139
Figure 76 Theoretical Ribosomal Efficiency Obtained for Nitrogen Limited BatchCulture: Fermenter Run 2 (Medium NLl) ..............   141
Figure 77 Theoretical Ribosomal Efficiency Obtained for Phosphorous Limited
Batch Culture: Fermenter Run 2 (Medium PLl F )   ..................................141
Figure 78 Biomass and Antibiotic Levels in a Nitrogen Limited Chemostat(Medium NL1) ...............................................................................................................145
Figure 79 The Relationship Between Antibiotic and Biomass L evels ................... 146
Figure 80 Specific Rate of Product Formation in a Nitrogen Limited Chemostat
(Medium N L l) ................................................................................................................147
Figure 81 Nutrient Levels in a Nitrogen Limited Chemostat (Medium NL1) 149
Figure 82 Specific Nutrient Uptake Rates in a Nitrogen Limited Chemostat(Medium NL1) ..................................................    149
Figure 83 Energy Charge Levels and Ribosmal Efficiency in a Nitrogen LimitedChemostat (Medium NL1) ......................................................   151
Figure 84 Specific Production Rates of Protein and RNA in a Nitrogen Limited
Chemostat (Medium NLl) ...............    151
Figure 85 Curve Fit Obtained in the mu v p M odel................................................... 156
Figure 86 Residuals Obtained from the mu v p Curve Fit........................................ 157
Figure 87 A Plot of Biomass against Reciprocal Dilution R a te ................................158
Figure 88 Curve Fit Obtained from mu v x M odel  ...........................................159
Figure 89 Residuals Obtained from the mu v x Curve Fit.................  160
Figure 90 Growth of S.erythraea In the Presence of Erythromycin........................163
List of Tables
Table 1 Relative Importance of Antibiotic Producing Microorganisms.....................14
Table 2 Biologically Active Secondary Metabolites Detected in Genera of the
Actinomycetales..........................................................   15
Table 3 Classification of 5000 Actinomycete Isolates from 16 s o i l s ......... ............. 16
Table 4 Results Obtained from Attempts to Formulate a Defined Medium to Allow
Growth of the Saccharopolyspora Species (inoculum size 0.1 - 0.15g/l).........56
Table 5 Production of Antibiotic on the Complex Solid M edia.................................. 60
Table 6 Production of Antibiotic on the Defined Solid M edia.................................. .61
Table 7 Colony Areas on Nutrient Agar .......   62
Table 8 Colony Radii on Nutrient Agar............................................................................ 63
Table 9 Radial Growth Rates of Saccharopolyspora on Nutrient Agar................... 64
Table 10 Growth Curves in Nutrient Broth (NB)...........................................................65
Table 11 Effect of Nutrient Concentration on Fungal Inhibition................................ 70
Table 12 Experiment 1 - Inoculation of Saccharopolyspora and Fungi
Simultaneously (5 days at 25 C ) .....................  75
Table 13 Experiment 2 - Incubation of Saccharopolyspora Before Inoculation of 
Fungi (5 days at 30 C followed by 5 days at 20 ...................................................75
Table 14 Survival of Spores Exposed to Ultra Violet Radiation ........................   77
Table 15 The Effect of Ultra Violet Exposure on Growth...........................................77
Table 16 Antimicrobial Activity of Erythromycin...........................................................85
Table 17 MIC Values for Screen Bacteria............................    86
Table 18 Effect of pH on Zone Size ..............................................................................89
Table 19 Comparison of Growth Yields on Various Carbon S ou rces   ..........90
Table 20 Comparison of Growth Yields Obtained with Various Nitrogen Sources 
91
Table 21 Comparison of GDM and SDM as Growth M edia......................................91
Table 22 Investigation into the Conditions Required for Carbon Limitation....... 92
Table 23 Investigation into the Conditions Required for Nitrogen Limitation .... 93
Table 24 Investigation into the Conditions Required for Phosphate Limitation 
93
Table 25 Specific Growth Rates Obtained from Log Plots........................................ 99
Table 26 Specific Growth Rates Obtained by Using Direct L ines......................... 102
Table 27 Specific Growth Rates Obtained by Polynomial Curve Fitting 103
Table 28 Maximum Specific Growth Rates Obtained from Partial Cubic Spline 
Curve Fitting  ................................................................................................... 103
Table 29 Comparison of the Values of Mu max Obtained Using Different
Procedures.............................................................................................   104
Table 30 Maximum Specific Erythromycin Production in Different Media 105
Table 31 Comparison of Specific Growth Rates and Specific Productivity in the 
P.L M edia.......................................................................................................................106
Table 32 Effect of Glucose Concentration on Antibiotic Y ields  ................ . 122
Table 33 Specific Product Formation Rates Obtained at Different Dilution Rates 
147
Table 34 Comparison of Nutrient Composition in PLl .F and the Medium Used by Trilli e fa /(1987) .........................................................................................................  153
Table 35 Comparison of Growth Parameters Obtained from the Model 161
Table 36 Growth of S.erythraea in the Presence of Erythromycin...................... 162
10
Acknowledgments
The work undertaken for this thesis to be presented has been aided by a number of people, 
helping in a variety of ways.
I should like to acknowledge and thank my supervisors: Dr.M.Bushell and Dr.G.Lethbridge, 
for their help and support.
In addition I should like to thank my friends and colleagues at the university namely; 
Victoria Bascaran, Bernadette Egan, Peter Angel, Ming Lo, Martin Reynolds, Karen 
Pickup, Michelle Scott, Sarah Bell, Noel Wardell, Teresa Huck and Francis Carrington, 
who provided help and advice.
At Shell I should like to thank the Natural Products team including; Tama Ablitt, Sarah 
Millet, Tim Wittham and Mike Patterson, and the other members of staff who made me feel 
welcome. In addition, I should particularly like to thank Steve Lewis for his help with the 
Dionex.
The project was financed as a SERC Case award by the Science and Engineering Research 
Council and Shell Research Ltd.
This thesis has been produced using DECwrite® with the patience and expertise of Martin 
Abrahams, to whom this book is dedicated.
11
Chapter 1 Introduction
Microorganisms are able to synthesise a great variety of metabolites, by means of interdependent 
catabolic and biosynthetic activities which comprise the pathways of metabolism. The compounds 
of primary metabolism seive essential roles in support of cell growth and reproduction. Secondary 
metabolism gives rise to compounds whose function Is not readily apparent, such compounds appear 
to be of secondary importance to cells in that they are not essential for exponential growth.
Secondary metabolites are described as having no general function in growth processes (Demain, 
1985). They are classically produced during the stationaiy phase of a batch culture, are apparently 
produced by certain restricted taxonomic groups of organisms, and are usually fonned as closely 
related members of a chemical family. Microbially produced secondary metabolites are a group of 
products which are extremely important to present day society, as a group of compounds which are 
diverse chemically, yet formed by similar chemical pathways, and include: antibiotics, toxins, 
pigments, plant growth factors and other products of agrochemical importance. As such, they are of 
great social and economic importance.
1.1 Proposals fo r the Role of Secondary Metabolism
There have been many proposals for the role of secondary metabolites in nature. These hypotheses 
include: \
® The maintenance hypothesis, proposed by Bu’lock (1961). This suggests that the function of 
secondary metabolism is to maintain the machinery necessary for cell metabolism in operative 
order during phases when growth is not possible. Thus by formation of enzymes for secondary 
metabolism, the network of enzymes for primary metabolism (tliat form the precursors of 
secondary metabolites) would continue to operate. With metabolism continuing to operate, 
substrates of enzymes would be continually formed, thus stabilising enzymes which would 
otherwise be destroyed. Thus the metabolic activity of the cell keeps it stable.
® The unbalanced growth hypothesis, proposed by Woodruff (1966) and extended by Weinberg 
(1971). This suggests that when conditions for balanced growth disappear, some organisms do 
not possess control mechanisms capable of preventing over-synthesis of certain primary
12
metabolites. These primary metabolites are then converted into secondary metabolites that arc 
excreted from the cell. Woodruff (1966) concluded that production of secondaiy metabolites 
would confer no selective advantage on tlie organism. However, Weinberg (1971) suggested 
that failure to dispose of these metabolites would cause death by unbalanced growth. Thus 
secondary metabolism would be a factor in the long term survival of organisms.
® The detoxification hypothesis, proposed by Dhar et al (1971). This states that a "non-toxic" 
secondaiy metabolite is formed to reduce the accumulation of a more toxic intennediate. 
However, most antibiotics are far more toxic than their precursors; although phenylacetic acid, 
the penicillin precursor used by Dhar et al (1971), is more toxic to Pénicillium chrysogenum 
than benzyl penicillin. Should the toxicity be due to an accumulation of the precursor rather than 
the precursor itself, then this represents the unbalanced growth hypothesis mentioned above.
® The competition hypothesis, proposed by Brian (1957). Brian concluded that antibiotic 
production provides an organism with a comfXîtitive advantage in many natural situations. The 
capacity to produce antibiotics is quite common amongst soil saphrophytes. Although antibiotics 
have not been detected in vivo, most antibiotic producing organisms can form their antibiotics in 
sterilised soil supplemented witii organic matter. There are several possible reasons for the 
failure to detect antibiotics in soil: the "feast and famine" nature of soil would provide 
insufficient nutrients for the widespread, frequent growth of the producer organisms; antibiotics 
formed in soil may be unstable, or may become absorbed by soil colloids; problems in detection 
may also be due to insufficient sensitivity of monitoring. Whilst this hypothesis may be true for 
antibiotics, many secondary metabolites have not been shown to possess any antibiotic activity, 
and their functions are unknown.
® Regulation of differentiation, proposed by Sarker et al, (1972) Halvorsen, (1965) and Hodgson 
(1971). This hypothesis suggests a role for secondary metabolites in the regulation of cellular 
differentiation in particular in the transition from vegetative cells to spores and vice versa. 
Numerous antibiotics are produced by microorganisms that sporulate. However, not all 
antibiotics are involved in spomlation, and mutants of eubacteria, actinomycetes and fungi 
capable of spomlaiing but blocked in antibiotic foimalion have been isolated.
® Space for biochemical evolution, proposed by Ziihner (1979). Zahner proposes that sccondaiy
13
metabolism provides space for continuing evolution. A change in primary metabolism, which is 
essential for growth and reproduction, is likely to result in cell death unless the new product can 
take over all of the functions of the old product. In contrast, in secondaiy metabolism a product 
may be changed many ways, and as long as the change does not have an adverse effect on 
primary metabolism, the cell will remain viable, and any advantageous changes may be 
gradually selected.
It is obvious from the theories outlined above that the production of secondary metabolites has 
caused intrigue for several years, and is still unexplained. An understanding of why antibiotics are 
produced could provide valuable information for optimising and extending the process in addition to 
solving the mysteiy. The study peifonned here is an investigation into the control of antibiotic 
biosynthesis. An understanding of why antibiotics are produced may provide useful suggestions to 
investigate or explain control mechanisms observed.
1.2 ’Rare’ Actinomycetes
The relative importance of antibiotic producing microorganisms is shown in Table 1. Of the 
antibiotics described, 70% are produced by the actinomycetes. Table 2 shows that 93% of the 
antibiotics reported from the actinomycetes were produced by members of the genus Streptomyces.
Table 1 Relative Importance of Antibiotic Producing Microorganisms
Microorganism % of total antibiotics described
Bacteria Pseudomonadaceae 1.3
Bacillaceae 7.0
Other eubacteria 1.7
Fungi Pénicillium 4.1
Aspergillus 3.0
Fusarium 1.2
Cephalosporium 0.8
Other Fungi Imperfect! 5.4
Basidiomycetes and Ascomycetes 5.0
Lichens and Algae 0.8
Actinomycetes 69.7
(Reproduced from Bushell. 1982)
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Table 2 Biologically Active Secondary Metabolites Detected in Genera of the 
Actinomycetales
Genus
Actinomyces 
M icromonospora 
Nocardia 
Proactinomyces 
Streptosporangiiim 
Streptovertlcilllum 
Thermoactinomyces 
Thermoactinopolyspora 
Streptomyces
(Reproduced from Bushell. 1982.)
% of loial dclccled
3.0 
0.5
2.0 
0.5 
0.1 
0.3 
0.2 
0.1 
93.3
Lechevalier et al (1967) described a sui'vey of the actinomycete genera obtained from 16 soil 
samples. From the 5000 isolates obtained, 95% were identified as members of the genus 
Streptomyces as shown in Table 3. Thus the high frequency of isolation oi' Streptomyces correlates 
well with the high numbers of antibiotics discovered from members of this genus, as shown in 
Figure 1. More antibiotics are discovered from Streptomyces because more Streptomyces are 
isolated and screened. This suggests that the non-Streptomyces species consititutc an important 
unexplored gene pool.
Figure 1 Correlation Between the Frequency of Isolation and the Number of 
Antibiotics Discovered from Actinomycete Genera
100 -,
80 -
% antibiotics 
from each genus 60 -
/
3.0 -
2.5 -
2.0
1.5 -
1.0 -
0.5 -
0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 60 80 100
% isolates of each genus
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Table 3 Classification of 5000 Actinomycete Isolates from 16 soils
Genus % of isolates
Streptomyces 95.34
Nocardia 1.98
Actinornadura 0.10
M icromonospora 1.40
Thermoactinomyces 0.14
Microbispora 0.18
Thermomonospora 0.22
M icroellobosporia 0.04
Actinoplanes 0.20
Streptosporangium 0.10
Psuedonocardia 0.06
Micropolyspora 0.10
Mycobacterium 0.14
(Reproduced from LacV. 1973)
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Improved selective isolation techniques for the mn-Streptomyces species have resulted in interest in 
the non-Streptomyces genera of the actinomycetales as a source of novel bioactive products. The 
aim of this project was to study the physiology of growth and antibiotic formation in one such 
genus: Saccharopolyspora. The genus Saccharopolyspora was selected as several antibiotics have 
been discovered in this genus, including several aminoglycosides, such as nodusmicin (Whaley et 
al, 1980), sporaricin (Deushi et al, 1979) and saccharocin (Awata et al, 1983), a member of the 
destomycin family (Ikeda et al, 1985), and a thymidylate synthetase inhibitor (Kanai et al, 1983). It 
had also been identified as a potential source of novel agrochemicals (Shell Research Ltd. personal 
communication).
Saccharopolyspora is a genus within the aggregate group microspora, all members of which are wall 
type IV according to the Lechevalier system of classification (Lechevalier et al, 1967).
Lacey and Goodfellow (1975) described the genus as aerobic, gram positive, non-acid fast 
actinomycetes with fragmenting substrate mycelium. Aerial mycelium segments into bead-like 
chains of spores contained within a sheath. Colonies are usually thin, raised or convex, slightly 
wrinkled, mucoid or gelatinous and carry sparse aerial mycelium. The growth temperature range 
extends from 25 - 50®C. The cell walls, as with all wall type IVs, contain the meso isomer of 
diaminopimelic acid (DAP) together with arabinose and galactose. Saccharopolysporas lack 
mycolic acids and are sensitive to lysozyme. The only species cunently documented for this genus
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include:
S. hirsuta, S. aiirantiaca, S. gregorii, S. hordeii, S.erythraea
1.3 Metabolic Control Mechanisms
Highly developed mechanisms for the control of metabolic processes exist which enable organisms 
to respond to their environment as efficiently as possible; this is a major factor for survival in a 
microbial species as with any competitive process. This project is concerned with the control 
mechanisms that govern the production of antibiotics. The metabolic pathways of primary 
metabolism also supply precursors of secondai^ metabolism, thus factors which influence primaiy 
metabolism will have an effect on secondary metabolism too (Drew and Demain, 1977).
1.3.1 Control of Primary Metabolism
Some of the more important control mechanisms of primaiy metabolism are: substrate induction, 
feedback regulation, catabolite regulation, and ATP or energy charge regulation. A brief outline of 
each of these is given below. In each case, regulation is a dynamic process dependent upon the local 
concentration of effector molecules.
1.3.1.1 Substrate Induction
Two general categories of enzymes may be identified within cells, those produced constitutively and 
those requiring induction (Clarke & Lilley 1969). The constitutive enzymes are commonly produced 
and their concentrations are independent of the presence of their substrates. These concentrations are 
therefore determined by turn over rates (the relative rates of synthesis and destmction). Turn over 
rates of proteins during exponential growth are usually low, thus the concentrations of constitutive 
enzymes during this growth phase are primarily governed by gene expression. The second category 
of enzymes are those that are produced in the presence of substrate (or analogues of their substrates). 
These are known as inducible enzymes. Substrate induction may control the synthesis of a single 
enzyme or a group of enzymes. This control mechanism is dependent upon the concentration of the 
substrate.
1.3.1.2 Feedback Regulation
Feedback regulation (Clarke and Lilley 1969, Stadtman 1966) can occur by two basic mechanisms;
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feedback repression acts at the genetic level to control the synthesis of an enzyme or a group of 
enzymes; feedback inhibition acts at the molecular level to control enzyme activities. In both cases, 
the end product of a pathway controls the synthesis or activity of an enzyme which participates 
earlier on in that pathway. This control mechanism is therefore dependent upon the concentration of 
the end product.
1.3.1.3 Catabolic Regulation
Catabolic regulation may involve the catabolic products of several different growtli substrates 
(Paigen & Williams 1970), including carbon and/or nitrogen containing compounds, Catabolite 
repression is said to occur when synthesis of an enzyme is repressed by the presence of a rapidly 
utilised substrate for growth. Similarly, catabolite inhibition has been obseiyed when inhibition of 
enzymatic activity occurs due to rapidly utilised catabolites. The mechanism of catabolite regulation 
appears to depend upon the rates at which the substrates are metabolised and therefore may involve 
the energy state of the cell as well as the concentration of specific metabolites.
1.3.1.4 Energy Charge Regulation
Energy charge regulation is poorly understood. Correlation between inhibition or activation by 
energy charge and metabolic pathways has been shown. (Atkinson & Walton 1967). Sequences that 
lead to the regeneration of ATP, such as glycolysis and the citric acid cycle, should be controlled by 
the energy level of the cell. As some enzymes respond primarily to individual concentrations of 
ATP, ADP, or AMP, while others respond to either the ATP/ADP or the ATP/AMP ratio, Atkinson 
& Walton (1967) devised a single parameter, energy charge, by which all effects on enzymes by 
adenine nucleotides could be related to the energy level of the cell. Energy charge is defined as half 
the number of anhydride bound phosphate groups per adenine moiety, that is:
ATP + Ï/2 ADP
ATP + ADP + AMP
It is a linear measure of the amount of energy stored at any time in the adenylate system. Its 
theoretical value during exponential growth of eubacteria, actinomycetes, and yeasts is between 0.7 
and 0.85.
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1.3.2 Control of Secondary Metabolism
As mentioned earlier, primary and sccondai7 metabolism arc interlinked, and the interactions 
between them must involve the above regulatory mechanisms. As this project is concerned with the 
regulation of antibiotic biosynthesis, a more detailed description of control of secondary 
metabolism, and in particular antibiotic biosynthesis, shall follow.
1.3.2.1 Carbon Mediated Control Mechanisms
Glucose and other rapidly metabolised carbon sources have been found to suppress production of 
many secondary metabolites, for example, actinomycin by Streptomyces antibioticus, puromycin by 
Streptomyces alboniger, novobiocin by Streptomyces niveiis, cephalosporin C by Streptomyces 
clavuligerus, Streptomyces cattleya and Streptomyces lactamdurans. Carbon catabolite regulation 
appears to be a promising candidate control mechanism to account for this phenomenon. Catabolite 
repression in enteric bacteria has been shown to involve the binding of a complex, between cyclic 
AMP (cAMP) and a cAMP receptor protein (CRP), to the promoter site of an operon. This binding 
then stimulates initiation of transcription by RNA polymerase. In the presence of glucose, adenylate 
cyclase, the enzyme which converts ATP to cAMP is inhibited. Revilla et al (1981) investigated the 
glucose effect on the synthesis of the antibiotic penicillin. They found that cAMP addition to 
Pénicillium chrysogenum did not reverse the glucose effect on penicillin biosynthesis. However, 
eukaryotic cells may be subject to different control mechanisms than those of the prokaiyotes, Satoh 
et al (1976) stated that cAMP relieved glucose repression of kanamycin production when added to 
cultures of Streptomyces kanamyceticus. Colombo et al (1982) found that increasing tylosin 
production in Streptomyces fradiae by mutation resulted in an increase of 20-50% in the 
intracellular levels of cAMP. No evidence has been provided at the molecular level to confiim the 
involvement of cAMP in relieving repression of transcription by glucose inhibiting antibiotic 
production. Thus although cAMP may well be involved in carbon catabolite repression of antibiotic 
synthesis, its role may not be that found in the enteric bacteria. Seno & Chater (1983) have shown 
that mutants of Streptomyces deficient in glucokinase are much less sensitive to carbon source 
repression. Thus Demain (1985) suggests that carbon source repression in Streptomyces species is a 
result of a different mechanism, possibly involving glucokinase or its products.
19
1.3.2.2 Nitrogen Mediated Control Mechanisms
Nitrogen is a major element found in many primary and secondary metabolites. There are sensitive 
control mechanisms regulating both catabolic and assimilatory nitrogen metabolism to ensure a 
constant supply for growth and secondary metabolism. Aharonowitz (1980) has shown that 
antibiotic production is influenced, in a variety of systems, by the nitrogen source. Aharonowitz & 
Demain (1979) used Streptomyces clavuligerus to investigate the effect of catabolic nitrogen 
metabolism on p lactam production. They found that growth was supported well by both organic and 
inorganic nitrogen sources. When amino acids were used as a nitrogen source, high specific 
production values were obtained with asparagine, glutamine, arginine and alanine. Low specific 
production was obtained with lysine, aspartate, threonine and histidine. However, specific 
production was found to increase significantly in these low specific production media when these 
amino acids were used as both carbon and nitrogen sources.
Antibiotic production was strongly suppressed by ammonium ions, and increasing concentrations of 
ammonium were found to shift antibiotic production from growth associated Idnetics to more 
growth dissociated kinetics. The ammonium effect expressed itself early during the growth phase 
and was therefore not due to specific inhibition of antibiotic foiming enzymes. Thus, the 
biosynthetic machinery responsible for antibiotic production is regulated by nitrogen metabolism 
and is established during the trophophase, before antibiotics can be detected in the medium. 
Aharonowitz & Demain (1979) postulated, from the above, that conditions that favour the 
catabolism of amino acids, such as low ammonia concentrations and the absence of readily utilised 
carbon sources, favour the biosynthesis of cephalosporins.
Two mechanisms of ammonium assimilation were observed in Streptomyces clavuligerus by 
Aharonowitz (1979). In low levels of ammonium, glutamine synthetase (GS) and glutamate 
synthase (GOGAT) operate in conceit to yield glutamate. In excess ammonium, GS is repressed, but 
alanine dehydrogenase (ADH) was found to produce alanine from pyruvate. (Glutamate 
dehydrogenase activity was not detected in Streptomyces clavuligerus cells grown under a variety of 
conditions.) The specific activity of GS was high in media containing amino acids such as 
asparagine or alanine as tlie sole nitrogen source. High specific cephalosporin production was 
obtained in growth conditions favouring high specific activities of GS. When cells were grown on 
either asparagine plus ammonium cliloride or on high concentrations of ammonium chloride alone.
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GS activity and specific cephalosporin production decreased. Similar obsei'vations have been made 
by Wax et al (1982) in Streptomyces cattleya and Vining & Chalcrjec (1982) in Streptomyces 
venezuelae.
Lang Heinrich & Ring (1976) investigated the concentrations of cxtractable amino acids during 
growth in batch culture. They found that the capacity to take up and concentrate amino acids was 
dependent upon the physiological state of the cells. Transport rates were lowest during the lag phase 
and late stationary phase. Transport rates attained maximum values at maximum growth rates. This 
was found to be independent of tlie composition of the growth medium. Thus they concluded that 
the uptake of amino acids is linked to the rate of macromolecular synthesis via endogenous 
mediators which control activity and/or the formation of transport limiting proteins. Alim & Ring 
(1976) took this work a little further using Streptomyces hydrogenans. They confirmed the close 
correlation between transport capacity and growth rate. They found that not only was the influx 
raised with increasing growth rate, but the efflux was also increased. Hence they concluded that the 
growth rate dependent modulation of transport capacity was at least partially due to variation in the 
concentration of active transport components. May & Formica (1978) produced evidence that 
proline transport in Streptomyces antibioticus is constitutive whereas glutamate is assimilated by an 
inducible system. Thus it seems likely that control mechanisms are determined by the identity of the 
amino acid.
Amino acids may also be involved in induction of antibiotic production. Tryptophan stimulates 
actinomycin synthesis in Streptomyces parvulus (Troost et al, 1980), and nikkomycin synthesis is 
induced by branched amino acids which, like the above example of tryptophan, are not incorporated 
into the antibiotic and do not stimulate growth, (Zahner & Kurth, 1982).
Inhibition of biosynthetic enzymes due to feedback inhibition by amino acids on enzymes with 
functions in both primary and secondary metabolism has been described (Martin, 1983, and Tanida 
et a i  1980). This generally involves a common pathway with branches leading to primary and 
secondary metabolism. The end product of the primary branch may exert feedback inhibition on 
enzymes involved in the common sequence. For example, candicidin production by Streptomyces 
griseus is inhibited by phenylalanine, tyrosine and tryptophan which are produced by two branches 
of the aromatic acid pathway. The 4 amino benzoic acid (PABA) moiety of candicidin arises from a
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third branch. The regulation is exerted at the first enzyme of the common pathway and the first 
enzyme of the secondary branch leading to PABA (Marlin 1983).
1.3.2.3 Phosphate Mediated Control Mechanisms
Many antibiotics are only produced at inorganic phosphate levels suboptimal for growth, eg. 
chlortetracyciine, streptomycin, actinomycin, nystatin. Thus, phosphate may control the differential 
expression of growth versus antibiotic synthesis genes, either directly or indirectly by regulating the 
level of intracellular effector, or it may regulate enzyme activity. Many mechanisms have been 
proposed to explain the effect of phosphate on secondary metabolism and these are extensively 
reviewed by Martin (1977). Phosphate has been shown to repress the phosphatases involved in the 
biosynthesis of streptomycin, neomycin, and viomycin. It has also been shown to repress the 
formation of antibiotic precursors in tetracycline. From evidence presented it would appear that 
phosphate acts by different mechanisms to directly inhibit the biosynthesis of different antibiotics.
Candidates for a phosphate mediated intracellular effector include: cyclic nucleotides, ATP, energy 
charge, polyphosphates and highly phosphorylated adenine or guanosine nucleotides. As mentioned 
previously, (Section 1.3.2.1) cAMP is known to be involved in catabolite repression in some 
prokaryotes. The intracellular level of ATP has been shown to be high during rapid growth and then 
to decrease sharply immediately before secondary metabolite production (Liras et al (1977), 
Curdova (1976)). If an increase in ATP causes inhibition of secondary metabolism it may be a direct 
effect, or it may be due to an alteration in energy charge. Energy charge has been criticised by 
Martin and Demain (1977), as addition of concentrations of phosphate, inhibitory to candicidin 
synthesis, to resting cells of Streptomyces aureofaciens, increased intracellular ATP far more than 
energy charge. Curdova (1976) reported that adenylate levels in a low yielding mutant of 
Streptomyces aureofaciens were an order of magnitude higher than those of a high yielding mutant. 
However, when energy charge was measured it was found to be identical.
Harold (1966) suggested that the physiological role of polyphosphates is that of regulating ATP, 
ADP and inorganic phosphate levels. Polyphosphates accumulate when growth is inhibited but 
assimilation of phosphate continues. Hostalek et al (1976) postulated that the polyphosphate 
glucokinase was important in chlortetracyciine biosyntliesis. Activity of this enzyme in a high 
yielding strain of Streptomyces aureofaciens appears at the onset of chlortetracyciine production. It
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was suggested that this enzyme used polyphosphate to phosphorylate glucose; a non-ATP utilising 
route. Thus polyphosphates would serve as phosphorous and energy donors during antibiotic 
biosynthesis.
Should an insufficient supply of amino acids be present to sustain protein synthesis, bacteria have 
been obseived to invoke a stringent response, during which the highly phosphorylated nucleotides 
ppGpp and pppGpp (also known as magic spots 1 and 2 respectively) are known to accumulate. The 
stringent response is triggered by either amino acid deprivation, as described above, or through the 
inactivation of aminoacyl-tRNA synthetase, both of which lead to a reduced availability of 
aminoacyl-tRNA for protein synthesis (Cashel, 1975, Gallant, 1979). In addition to the 
accumulation of ppGpp the stringent response has been characterised by reduction in stable RNA 
synthesis (iRNA and tRNA), higher protein turnover rates and other adjustments in metabolism 
such as restricted transport systems and reduced endogenous synthesis of nucleotides, lipids, 
carbohydrates and fatty acids. Cashel (1975) suggests that ppGpp mediates growth rate dependent 
regulation of RNA synthesis during the growth phase. The stringent response has been investigated 
in Streptomyces species in association with moiphological and physiological differentiation. Ochi 
(1986,1987a, 1987b, 1987c) reported that Streptomyces exhibited a typical stringent response which 
he suggested was a prerequisite for, or an initiator of, secondary metabolism. In support of Ochi’s 
work (1986, 1987a, 1987b, 1987c) coiTelation was found between ppGpp levels and the onset of 
antibiotic production in Streptomyces aureofaciens by Simuth et at (1979). However, no such 
correlation was found in Streptomyces griseus (An and Vining, 1978). Bascarân et al (in press') 
recently concluded that there was no obligatory relationship between the initiation of secondai*y 
metabolism and the stringent response in Streptomyces clavuligerus although they did not rule out 
the possibility that a ribosome related activity may be involved in the initiation process.
1.3.2.4 Other Control Mechanisms
Streptomycin biosynthesis is induced by an unusual molecule, 2-S-isocapryloyl-3-R- 
hydroxymethyl-Y-butyrolactone, commonly known as A factor. Its function is to induce 
aminotransferase, an enzyme involved in the biosynthesis of the streptidine moiety of streptomycin. 
A factor appears to be a general differentiation factor in many actinomycetes, differentiation in
Bascarân et al (in press) see References for correspondence address.
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Streptomyces griseus was shown to be effected by A factor by Khokhlov & Tovarova (1979). Ochi 
(1987b) suggested that A factor renders the cell sensitive to receive the signals for morphological 
and physiological differentiation. In addition to A factor Streptomyces bikintensis and Streptomyces 
cyaneofuscatus produce three derivatives which were found, by Grafe et al (1983) to differ in side 
chain length, but to effect Streptomyces griseus in the same way as A factor.
Secondary metabolites are frequently formed at low growth rates. Therefore nutrient limitation may 
act by lowering growth rate to a value low enough to permit secondary metabolism. Aharonowitz 
and Demain (1978) observed that a rise in concentration of a particular carbon source, preferred for 
growth, led to decreased production of antibiotics in S. clavuligerus. Poorer carbon sources for 
growth led to high specific production rates of cephalosporins and shifted the dynamics of the 
fermentation to a greater degree of a^ociation with growth. It would seem that a certain low level of 
specific growth rate must be maintained in order to exploit full capacity for antibiotic synthesis. 
Lilley et al (19SI) examined the production of cephamycin C and thienamycin in Streptomyces 
cattleya. They found that cephamycin C production required a low growth rate which could be 
achieved by carbon, nitrogen, or phosphate limitation, whereas thienamycin production specifically 
required phosphate limitation in addition to a low growth rate. Bushell and Fryday (1983) achieved 
sequential product formation in Streptomyces cattleya in an appropriately designed synthetic 
medium. They found that the appearance of each compound coixesponded to the decay in specific 
uptake rate of a particular nutrient. Pulse additions of nutrients showed that each nutrient spent a 
period as the growth limiting substrate, and it was during this time that it exerted its regulatory 
effect.
The regulation of antibiotic biosynthesis may act at two levels; control of the initiation process being 
the first level. Initiation may be described as the process which causes genes to be expressed. Once 
expressed, the activity of the gene products may be regulated, thus providing a second level of 
regulation of antibiotic biosynthesis.
It is obvious from the work reviewed here that the regulation of antibiotic biosynthesis is not fully 
understood. Many apparently independent control mechanisms have been described, suggesting that 
either a very complex network of independent mechanisms exists, which controls the initiation and 
activity of antibiotic biosynthesis, or that a common effector, as yet undetected, links all the 
phenomena described. Ochi’s work (1986, 1987a, 1987b, 1987c) suggesting ppGpp as this
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"universal" effector looked very promising initially. However, it appears less likely after the study of 
Bascarân et al (in press).
It was intended to investigate the different nutrient mediated controlling effects on one system in 
this study in an attempt to explain some of the control mechanisms described above.
1.4 Growth Kinetics of Microorganisms
This project is concerned with investigating the physiology of growth and product formation in 
Saccharopolyspora species. Therefore a brief description of the kinetics already described for the 
growth of microorganisms, with particular emphasis on filamentous microorganisms is given below.
1.4.1 Growth on Solid Media
When an actinomycete propagule is grown on a solid substrate it usually produces hyphac which 
branch at intervals and spread radially. The resulting mycelium is referred to as "vegetative", 
"primary", or "substrate" mycelium. Vertically developing filaments may be foimed which further 
develop to give a network of aerial hyphae that may cover the surface of the colony.
The growth of filamentous organisms differs from that of unicellular bacteria as hyphae grow by 
extension of the tip; a phenomenon Icnown as apical growth, (Locci, 1981). Growth of the colony is 
therefore directed outwards from the centre.
Pirt (1975) formulated a model for colony growth which assumes the following:
© When a small inoculum is used to start a colony, all the biomass will contribute to the growth of
the colony. Thus the colony will grow at a maximum exponential rate as long as nutrients do not 
become limiting, and inhibitory conditions do not develop.
® The upwards growth of the colony will quickly fall to near zero due to resistance in nutrient
diffusion.
© The outwards growth of the colony will ultimately depend on the exponential growth of a
limited peripheral zone of width w determined by the balance between nutrient consumption and 
nutrient diffusion.
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The linear growth law thus predicts that a colony will spread radially at the constant rate: 
kr = |Ltw
where kr is the radial growth rate and \i is the specific growth rate, and w is the width of the 
peripheral growth zone.
The kinetics of the growth of colonies of several species of fungi were determined by Trinci (1971). 
The results showed that after a lag period there was a short period exhibiting an exponential increase 
in colony radius and then the radial growth rate became constant and remained so indefinitely. This 
is in agreement with the linear growth law proposed by Pirt (1975). Allan and Prosser (1983) 
showed that the growth and development of colonies of Streptomyces coelicolor on solid media 
showed many similarities to those of the filamentous fungi, and that it was possible to determine kr 
values for this organism.
1.4.2 Growth in Liquid Culture
The three main methods of growth in liquid culture are batch culture, continuous culture and fed 
batch culture.
1.4.2.1 Batch Culture
A batch culture is a closed system which contains initial, limited concentrations of nutrients. The 
batch growth of a microbial culture may be divided into distinct phases; the lag phase, the 
accelerating phase, the log or exponential phase, the deceleration phase, the stationaiy phase, and a 
decline phase. Growth in a batch culture will cease due to either nutrient limitation, accumulation of 
a growth inhibitor, or some physical stress.
When growth of a batch culture is limited solely by the amount of one of the substrates in the 
medium, then the following growth parameters may be used:
dx/dt = fix defines the exponential growth phase. Integrating and taking logs gives:
Inx = InXg + jit
where |i = (jimax.s) /  (s + k ) (the Monod equation)
X = y(s^ - s)
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where x is biomass, t is time, |i is the specific growth rate, pmax is the maximum specific growth 
rate, s is substrate, k is the saturation constant (a low k^ value reflects a high affinity for the 
substrate), x^ is the initial biomass concentration and s^ is the initial substrate concentration, and Y 
is the yield of biomass from substrate x/s. Rate quantities, such as specific growth rate, and specific 
nutrient uptake rates q^, may only be obtained by some foim of interpolating curve fitting to the 
batch data followed by differentiation. Despite this, batch culture has been widely used as a system 
for investigating the production and regulation of antibiotics (see Introduction - 1.3.2)
1.4.2.2 Chemostat Culture
Chemostat culture prolongs the exponential phase of batch culture indefinitely. Fresh medium is 
continuously introduced at a constant rate and the culture volume is maintained by continuous 
removal of culture. By continuously feeding a medium to a culture, whilst a constant volume is 
maintained, a steady state is reached, as cell growth will occur until the substrate is depleted to 
steady state levels where it will only support a growth rate equivalent to the dilution rate; thus, 
biomass formation is equalled by biomass loss. The following parameters are frequently used to 
describe chemostat culture:
D = F/V
dx/dt = p x -D x  (growth minus washout)
At steady state dx/dt = 0. Therefore, 0 = x(p - D) and p. = D. 
ds/dt = D (Sq- s) - (px/y)
At steady state ds/dt = 0. Therefore, 0 = D(s^- s) - (px/y). By rearrangement of this, the steady 
state biomass levels are obtained: x = Y(s^-s)
From p  = (pmax.s) / (s + k^) the steady state substrate levels may be obtained by rearrangement: 
s = (kgD) / (pmax - D)
Dcrit = (pmax.Sçj) /  (s^ + k )^
where D is the dilution rate, F is the flow rate, V is the culture volume, x is biomass, t is time, p  is 
specific growth rate, x and s are the steady state concentrations of biomass and substrate
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respectively, Y is the yield of biomass from substrate, s^ is the initial substrate concentration, is 
the saturation constant, pmax is the maximum specific growth rate, and Dcrit is the critical dilution 
rate, and is equivalent to the maximum specific growth rate. Hence above this critical dilution rale 
biomass is washed out. It can be seen from the above that tlie rate quantities can be obtained without 
differentiation. Thus, chemostat culture is frequently used to investigate physiology and
biochemistry, as it permits biomass growth rate to be controlled and to be varied with no change in
the environment other than the concentration of the growth-limiting substrate. In batch culture, 
growth rate changes are only achieved by changes in nutrition and physiochemical conditions. Such 
methods of changing growth rates introduce other effects which can mask the growth rate effect. 
Conversely the growth rate can be fixed and the environment altered in a chemostat, which enables 
distinction between the effects of growth rate and the effects of environmental change. Few studies 
have been performed using chemostat culture for the investigation of the production and regulation 
of antibiotics (Sikyta eta l  1961, Gray and Bhuwapathanapun 1980, Lilley et al 1981, Rhodes 1984, 
and Trill et al 1987). These are discussed in Section 9.1.5.
1.4.2.3 Fed Batch Culture
Yoshida et al (1973) described a fed batch culture which involves batch cultures which arc fed, 
either continuously or sequentially, without the removal of culture fluid. Thus the volume of the 
culture increases with time. Growth will occur until the substrate becomes growth limiting. Hence
Xm = YSo
where: = max biomass, Y = yield x from s, S^ = initial substrate concentration
by addition of fresh medium at a dilution rate lower than pmax the substrate will be consumed as 
soon as it enters the vessel. Thus input of substrate is equalled by consumption of substrate, ds/dt ~ 
0. Although total biomass will increase with time, biomass concentration will remain approximately 
constant as the volume increases, dx/dt ~ 0, thus p  ~ D. This situation is known as the quasi steady 
state (QSS). As time progresses, the dilution rate decreases as tlie volume increases (as D = F/V). 
Thus D may be expressed as follows:
D = F/(V q + F )^
dX/dt = FYs_
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(IS/dl = FSq - pX/Y. Therefore, Fs^ = pX/Y
where D is dilution rate, F is flow rate, is initial volume, and t is time, x is biomass, s is 
substrate, s^ is the initial concentration of substrate, X and S represent the total amount of biomass 
and substrate in the culture respectively. The obvious difference between this steady state and that 
of a chemostat is that here the dilution rate, and hence the specific growth rate, decreases, whereas in 
a chemostat it remains constant.
1.4.2.4 Cyclic Fed Batch Culture
A repeated or cyclic fed batch culture is achieved when part of the culture is removed at intciwals. 
Thus, culture volume, dilution rate and various metabolic parameters ie. specific growth rate, 
undergo cyclical variations. The fraction of volume removed is termed the amplitude, and the time 
between removals is termed the period. Mateles et al (1965) looked into adjustment times involved 
in shifting specific growth rates from one value to another. They reported that a shift of 
approximately 20% of pmax could occur instantly, whereas a shift of 40% of pmax could take 
approximately three doubling times. During a cyclic fed batch culture, a quasi steady state will be 
reached whilst the volume is increasing. When the volume reaches a certain value a fixed fraction is 
removed. This sudden decrease in volume will increase the dilution rate. If the amplitude is large 
enough, then the shift in p  will not occur instantly, and a transient period where p is not equal to D 
may occur. (See Figure 2 for a diagrammatic representation of a cyclic fetch batch culture.) Thus, 
fed batch and cyclic fed batch culture provide a unique means of inducing controlled transient 
conditions. As a means of achieving substrate limited growth they may avoid unwanted repressive 
or toxic effects from the culture medium.
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Figure 2 A Representation of the Changes in the Growth Parameters 
Occurring During a Cyclic Fed Batch Culture
A
Key
A B
Time
Volume
Specific Growth Rate 
Dilution Rate
Quasi Steady State
Transient State (which may occur If the amplitude 
is large, p. is not equal to D.)
1.5 Kinetics of Product Formation
Microorganisms are capable of synthesising a wide range of products. The kinetics of product 
formation were first described in terms of growth linked and non growth linked products (Gadcn, 
1959). Three types of product were described:
Type I Simple catabolic products formed as a result of energy metabolism.
Type II Product arises from energy metabolism, but does so indirectly.
Type III Secondary metabolites; complex molecules foimed late in the growth cycle,
which are not formed as a result of energy metabolism
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A general equation for product fonnation was defined by Lcudcklng and Pirct (1959): 
qp = ap + (3
where q^ is the specific rate of product formation, (grammes of product fonned per gramme of 
biomass per hour) and a  and |3 are constants.
Bu’lock et al (1965) described the behaviour of a batch culture according to the products produced. 
The exponential phase, when primary metabolites are produced, was termed the trophophasc, 
whereas the stationary phase, when secondary metabolites are produced, was termed the idiophase.
Pirt (1975) went on to define the relationship between growth rates and product formation rates. For 
a growth-linlced product, the rate of product fonnation is given by:
dp/dt = qpX
The amount of product formed is directly related to the biomass formed. Thus: 
where Ypy^ is the yield of product from biomass.
Non growth-linked product formation is said to fall into two types (Pirt, 1975): either the specific 
rate of product formation is independent of the specific growth rate, or it varies with the specific 
growth rate in a complex way.
Chemostat studies are valuable for the investigation of the relationship between product formation 
and growth as they provide the desired rate quantities (qp and \i) directly. Product foimation in a 
chemostat is given by the expression:
dp/dt = qpX - Dp 
Thus at steady state p = qpX / D.
If a product is growth linked, both product and product output rate will vai'y with dilution rate as 
biomass does. If the product is not growth-linked, product will vary inversely with dilution rate, 
however, the product output rate will remain constant. Brown and Vass (1973) and Martin and 
McDaniel (1975) proposed a model for a situation where a maturation time was required after which 
antibiotic production occuiTcd. Martin and McDaniel (1975) suggested that the formation of 
products by an organism should be considered as a function of cell age. Non-homogeneous cultures
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of filamentous organisms may give rise to a situation where antibiotic is produced by filaments 
which are no longer dividing, whilst growth is still occuning at the tips, causing the distinction 
between the trophophasc and the idiophase to become less obvious.
1.6 Linear Regression and Curve Fitting Methodology
A statement of the change in one variable which accompanies specified changes in another is known 
as a functional relationship. A functional relationship may be stated either graphically, by a curve, or 
algebraically by an equation. The term ftmction means that there is some definite relationship 
between the two variables. A straight line is expressed by the function:
y -  a + bx w here^is the intercept on the y axis and b is the gradient
The process o f deteimining the conlstants of an equation for a given set of observations is called 
"fitting" the equation to the data. The method used here for fitting straight lines to experimental data 
was the least squares method of linear regression. The least squares method takes all the 
observations into account, giving each an equal weight in determining the result (it assumes that the 
scatter of the observations around the line is a normal distribution). Also, the sum of the squares of 
the departures of the obseiwations from the line is made as small as possible. The differences 
between the estimated and observed values are known as the residuals. The coefficient of correlation 
is represented by the symbol r in linear regression, it provides an estimate of the proportion of the 
original variation that has been accounted for. The possible values of r range from +1 through 0 to 
-1, showing positive correlation (a direct linear relationship), at +1 to no correlation (no linear 
relationship) at 0, and on to negative correlation (an inverse relationship) at -1. The equations used 
in the least squares method of linear regression are listed below:
where y -  a + bx is the general equation of a straight line
r=^iZxy- IxZy/n) ! (Yj? - (Yxtn)^ + - (Yyln)^f^
a = b(Exln) - Yy/n
b = (Zxy - ZxZy/n) / Zx^ - (Zx/n)^
In many functional relationships the change in the dependent variable cannot be represented by a 
straight line relationship with the independent variable. Such a relationship may be represented by a
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cuive. Curves may be fitted to given sets of obsei'valions cither by the use of mathematical 
functions, such as polynomials, or by various processes of free hand smoothing (Ezekiel and Fox 
1970).
The curve fitting program used in this project allows either a polynomial or a full or partial cubic 
spline to be fitted to the experimental data.
A polynomial is defined as an expression with two or more terms, the number of terms being the 
order of the polynomial. Polynomials are usually described as the sum of terms containing different 
powers of the same variable. That is:
y -  CO? + bx-t- c
Splines originally used by draughtsmen were strips of flexible material used to provide a smootli 
curve between specified points. Spline functions used in mathematics fit a curve to specified points. 
Spline functions are defined as piece-wise polynomials of degree n. The pieces join in so-called 
"knots" to fulfill continuity conditions for the function and for the first n-1 derivatives. Thus, a 
spline function of degree n is a continuous function with n-1 continuous derivatives. A cubic spline 
function, where n=3, is defined as:
y  =  ay +  X  -V ^  , where i =  1 to m and m is the number o f knots
The behaviour in one region of a polynomial determines the behaviour elsewhere. As cubic splines 
consist of a number of polynomials, each specifying tlie shape of the curve over a defined length, 
this problem does not arise.
Two types of spline function have been described: an inteipolating (or full) spline, which accurately 
fits measured data, and a smoothing (or partial) spline, which is not forced through all the data 
points. An inteipolating spline should only be used when the measured data is free from "noise", 
otherwise smoothing is necessary. Smoothing spline functions have found great use in applied 
mathematics for approximating functions which are disjointed. Oner et al (1986) successfully used 
spline functions to smooth batch fermentation data for estimation of specific rates. Parameters such 
as specific growth rate and specific product foimation rate cannot be obtained from batch data 
without differentiating the batch biomass and product concentrations. Differentiation of measured 
data amplifies experimental error. Therefore a method of smoothing the data is useful.
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The cui’ve fil procedure used in the partial cubic spline program calculates an equation of the fomi: 
œ? + cx^ '^  + dx^ '^
where b is the order of the equation. The order of the equation used is the value providing the 
minumum standard deviation between real and calculated values without cycling. Thus, the 
smoothness of the spline function may be traded against the accuracy of the fit, the smoothing 
parameter used in the partial cubic spline program is based on the chi^ "goodness of fit", as 
described by Thornhill et al (1989). The program fits an equation through three points, ie. 1, 2, and 
3. It then fits an equation through points 2, 3, and 4 and so on through all the points. The knots 
coincide with the time points of the data values in this program; other programs may place the knots 
at regular intervals along the x axis. As the curve fitting proceeds the slopes are calculated in order 
to yield the rates of change. See Appendix I for a listing of the program used.
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Chapter 2 Materials and Methods
2.1 Microorganisms (Provided by Shell R esearch  Ltd.)
Various unknown Saccharopolyspora species 
Saccharopolyspora erythraea (Shell strain number M PI0534)
2.1.1 Challenge Organisms
Bacteria (obtained from Shell Research Ltd. - contact Dr.G.Lethbridge for further information):
Arthrobacter citreus Micrococcus lutea Staphylococcus aureus
Bacillus subtilis Nocardia rugosa Escherichia coli
Yeasts (obtained from Shell Research Ltd. - contact Dr.G.Lethbridge for further information): 
Candida tropicalis Candida bombicola Saccharomyces cerevisiae
Schizosaccharomyces fibuligera
Fungi (obtained from Shell Research Ltd. - contact Dr.G.Lethbridge for further information): 
Fusarium oxysporum Fusarium solani Rhizoctonia cerealis
Botrytis cinerea Pyricularia oryzae Alternaria solani
Pythium debaryanum Pyrenophora graminea Geaumannomyces graminis
Septoria sp.
2.2 Media
2.2.1 Complex Media:
Unless stated otherwise, recipes obtained from Shell Research Ltd. - contact Dr.G.Letlibridgc for 
further information
© Bennetts modified medium (B.E.N), g/1: yeast extract 1, beef extract I, special peptone 2, 
glycerol 10. Supplement with 1.8% (w/v) agar if required. pH 7.1.
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o Glucose yeas I extract (G.Y.E), g/1: glucose 10, yeast extract 10. Supplement with 1.5% (w/v) 
agar if required. pH 6.8
® Nutrient broth (N.B), Nutrient agar (N.A) pH 7.4 (oxoid)
© Malt yeast extract (M.Y.A), ("in-house" Surrey) g/1: glucose 4, yeast extract 4, malt extract 10.
Supplement with 1.5% w/v agar if required.
® Malt extract peptone (M.E.P) g/1: malt extract 20, bactopeptone 5, supplement with 1.5%(w/v) 
agar if required
Complex media for starter cultures:
® S.M.l. g/1: glucose 20, bacteriological peptone 5, yeast extract 3, tryptone 5, pH 7.0
@ S.M.2. ("in-house" Surrey) g/1: phaimamedia 20, glycerol 10, glucose 15, pH 6.8
2.2.2 Defined Media:
"In-house" media
# M4 Carbon limited g/1: glucose 10, Na^HPO^ 4.2, KH^PO^ 2.8, MgS0^.7H2Û 0.02, NH^ NO3
7.0, + 1ml of trace solution. pH 6.8
® M5 Nitrogen limited g/1: glucose 25, Na2HP0^ 4.2, KH2PO4 2.8, MgS0^.7H20 0.02,
NH4NO3 2.0, + 1ml of trace solution. pH 6.8
® M6 Phosphate limited g/1: glucose 25, MgS0^.7H20 0.02, NH^NOg 7.0, + 1ml of trace
solution. pH 6.8
Trace solution g/1: FeClg 2, ZnSO^ 0.2, MnSO^ 0.2, C0CI2 0.8, Na2MoO^ 0.3.
These media were filter sterilised (0.22pm)
Other defined media used were:
© G.M.S. (Coleman and Ensign, 1982) g/1: glycerol 10, NH^NOg 0.1, MgS0^.7H20 0.01,
KH2PO4 2.61, + 1ml of trace solution. Supplement with 1.5% (w/v) agar if required. pH 7.3
G.M.S trace solution, g/1: CaCl2.2H20 0.4, MnS0^.H20 2.0, FeS0^.7H20 1.0, ZnSO^. 7H2O 
0.5.
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© S.D.M (Hung, Marks, and Tardrew, 1965) g/1; sucrose 69, KNO3 10, Succinic acid 2.36, 
KH2PO4 2.7, M gS0^.7H20 1.2, ZnCl2 0.0104, MnCl2.4H20 0.0062, CUCI2.2H2O 0.00053, 
C0CI2 0.00055, FeS04.7H2Û 0.025, CaCl2.2H20 0.0138,
® G.D.M. (Shell Research Ltd.) g/1: glucose 30, K2HPO4 7, KH2PO4 3,NaN03 11.12+ 10 ml of 
trace solution (see trace solution for L series of media). pH 7.0.
The "L series" of media were developed from G.D.M to give a range of different physiological 
stresses.
® Carbon limited medium 1 (C.L.l). g/1: glucose 15, K2HPO4 7, KH2PO4 3,NaN03 11.12 + 10 
ml of trace solution. pH 7.0.
© Carbon limited medium 2 (C.L.2). g/1: as for C.L.l but replace NaN03 11.12 with
L-asparagine 9.8. pH 7.0.
© Carbon limited medium 3 (C.L.3). g/1: as for C.L.l but replace NaN03 11.12 with NH4C I7. pH
7.0.
© Nitrogen limited medium 1 (N.L.l). g/1: glucose 30, K2HPO4 7, KH2PO4 3, NaN03 2.38, + 10 
ml of trace solution. pH 7.0.
® Nitrogen limited medium 2 (N.L.2). g/1: as for N.L.l but replace NaN03 2.38 willi 
L-asparagine 2.1. pH 7.0
® Nitrogen limited medium 3 (N.L.3). g/1: as for N.L.3 but replace NaN03 2.38 with NH4CI 1.5. 
pH 7.0.
© Phosphate limited medium 1 (P.L.l). g/1: glucose 30, KH2PO4 0.1, NaN03 11.12, MOPS buffer 
(sigma) 21, + 10 ml of trace solution
@ Phosphate limited medium I . f ' (P.L.l.F). g/1: glucose 35, KH2PO4 0.1, NaN03 11.12, MOPS 
buffer (sigma) 21, + 10 ml of trace solution
® Phosphate limited medium 2 (P.L.2). g/1: as for P.L.l but replace NaN03 11.12, with 
L-asparagine 9.8. pH 7.0.
 ^Phosphate limited medium 1 F was PLl supplemented with 5g/l glucose for fermenter studies to ensure phos­
phate was the sole limitation achieved.
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® Phosphate limited medium 3 (P.L.3). g/1: as for P.L.l but replace NaNOg 11.12, with NH^Cl 
7. pH 7.0.
Trace solution for "L series" of media
(Usually made up as x 100 strength, requires HCl to dissolve, 10 ml added per litre) x 1 strength 
g/l:
M gS04.7H20 0.25, FeS04.7H20 0.025, CUCI2 0.00053, CoClg 0.00055,
CaCl2. 2H2O 0.0138, ZnCl2 0.0104, MnCl2 0.0062, Na2MoÛ4 0.0003.
The L series of media were autoclaved in three parts: glucose, salts, and the trace solution were 
autoclaved separately and then mixed aseptically.
2.3 Methods
2.3.1 Maintenance and Cultivation of Organisms
Saccharopolyspora species were routinely maintained on NA and G YE. The screen bacteria on NA, 
yeasts on MYA and the fungi on MEP. Saccharopolyspora species were routinely grown in 250ml 
baffled flasks containing 25ml of medium. Incubation conditions were at 30°C on a rotary shaker at 
220ipm. A complex starter medium was inoculated with colonies picked off a plate, this was grown 
for 48 hours before 2ml were removed and used to inoculate starters of the required media.
2.3.2 Batch Culture In a Fermenter
The fermenter used for these studies was a LH500 series 2 litre fennenter (see photograph). 
Agitation was provided by a direct drive unit (Module 502D). A low shear impellor was used at 
750rpm to prevent fragmentation of the hyphae. Air was pumped through the system at a flow rate 
of 3.4 litres per minute at stp. An incubation temperature of 30°C was maintained through the use of 
a temperature controller (Module 503), which consisted of a heating probe and a thermometer, 
coupled with a cooling finger. The pH was monitored throughout the fermentation, but was not 
controlled (a simulation of the conditions obtained in the shake flask fermentations was required). 
Excessive foaming was controlled through the use of a foam detector incorporating a pump (Module 
506). The antifoam used was Dow Coming RD Emulsion (BDH). A tenfold dilution was routinely
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prepared.
The fermenter was autoclaved containing water which was pumped out. The required medium was 
then pumped into the fennenter vessel, as was the inoculum. An inoculum of approximately 5% 
(v/v) was routinely used.
2.3.3 Continuous Culture
Continuous culture employed many of the techniques used for batch culture in a fennenter as 
temperature, foam, agitation and aeration were all controlled as described above. In addition to 
these, pH control was set up (rather than monitoring) using a pH controller (Module 505) connected 
to IN HCl and IN NaOH. The gases leaving the system were monitored for oxygen and carbon 
dioxide through the use of a servomex oxygen analyser (580a Sybron Taylor) and an ADC carbon 
dioxide analyser (Analytical Development Co.) respectively. A peristaltic pump was used to 
introduce fresh medium into the vessel at a flow rate which was calibrated daily. A constant volume 
was maintained through the use of an overflow weir which permitted a working volume of 1.33 
litres.
Due to the large volumes required, the medium was made up in 20 litre batches and sterilised by 
filtration through a Sartobran capsule filter (pore size 0.45 and 0.22pm Sartorius). Sterility checks 
were perfonned on a daily basis by microscopic examination and plating out on both NA and G YE. 
Samples were taken regularly for analysis of dry weight. Steady state samples were taken after four 
fermenter volumes of medium had been replaced and constant dry weights were obtained.
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Figure 3 The Fermenter Set Up
2.3.4 Assays
2.3.4.1 Screening for Antibiotics (Cup plate assay):
Media for the Challenge Organisms:
Antibacterial Screens: N.B and N.A
Screens against yeast: MYB and MYA
Procedure
The challenge bacteria were grown overnight in nutrient broth at 3()®C. 250 ml of molten nutrient 
agar, at approximately 50®C, were seeded with 2 ml of challenge organism, and poured into a large 
bioassay plate (intermed nunc). When the plates had set and dried, wells were formed by the 
removal of 8mm agar plugs. 50pl samples were then applied to each well. Plates were incubated at 
30®C and the diameters of the zones of inhibition were recorded after 24 hours. The same procedure 
was used for yeast, however, NB and NA were replaced by MYB and MYA.
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2.3.4.2 Dry Weight 
Procedure:
Membrane filters (Whatman 0.45pm) were dried in a microwave oven (P.L.9, 5 minutes), allowed to 
cool under desiccation and weighed. The Filters were then washed in 0.01% (v/v) Tween 80 and 
placed in the filter unit. Distilled water (2 x 10 mi) was used to rinse the filter. The reservoir was 
then emptied and 10 ml of fresh sample passed through the filter. The filtrate was collected and 
frozen for further assays (antibiotic, glucose, nitrogen source, and phosphate), the filter was rinsed 
with distilled water (3 x 10ml) prior to being redried, cooled and reweighed.
2.3.4.S Glucose Assay 
Materials:
® Glucose oxidase (Trinder system. Sigma)
Dissolve one vial of glucose oxidase to give 100ml in distilled water (as described by Sigma)
© Standard glucose solution 750 pg per ml diluted where necessary to give: 750, 600, 450, 300, 
150 and 0 pg per ml standards.
Procedure:
Non glucose limited samples were initially diluted by a factor of 50, whereas glucose limited media 
were diluted by a factor of 25 to bring them into the range for the assay. Any tests showing negative 
for glucose were repeated using neat samples.
To 0.1 ml of sample 3 ml of glucose oxidase were added, after 20 minutes at room temperature 
readings were taken at 505 nm using a spectrophotometer.
2.3.4.4 Phosphate Assay 
Materials:
© Analar acetone
© Sulphuric acid (H2SO4), (2.5 M)
© Ammonium molybdate ((NH4)gMo,y024.4H20), (10 mM)
mix above when required in ratio 2:1:1 respectively to give A.A.M solution.
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0 Citric acid (1 M)
© Standard phosphate solution 1 mg PO4 per ml ( 1.43 g of KH2PO4 per litre of distilled water). 
Diluted where necessary to give: 100, 80, 60,40, 20 and 0 pg per ml PO4 standards.
Procedure:
Non-phosphate limited samples were initially diluted 100 fold to bring them into the working range 
of this assay. Phosphate limited samples were used undiluted.
To 0.5 ml of sample 4 ml of A.A.M were added, the solutions were mixed and then 0.4 ml of citric 
acid were added. Readings were taken immediately using a spectrophotometer at 355 nm.
2.3.4.5 Nitrate Assay
Nitrate assays were performed by ion exchange chromatography at Shell Research Centre, 
Sittingbome using a Dionex 20101HPIC.
The Dionex consists of two pre set systems. System 1 is the acids system and the cation system. 
System 2 is the anion system which was used here.
The pre set analysis method ANI0N2.MET, the general purpose method for chloride, nitrite, nitrate, 
phosphate and sulphate, was used. The flow rate used was 2.8ml/min (high pressure alarm = SOOpsi)
The eluant was 0.0022M Na^COg/ 0.0028M NaHCOg.
The régénérant was 0.025N H2SO4
An acceptable background conductivity reading ranged from 18 to 20ps. The system was run by the 
AI-450 Dionex software on Microsoft Windows.
Standards used were either 10 mg per 1 or 100 mg per 1. NOg (16.31 or 163.13 mg of KNOg per 1. 
respectively)
Non-nitrate limited media were initially diluted 200 fold, whereas N.L.l, the nitrate limited medium 
was diluted 20 fold to provide accurate determinations of nitrate levels (the high phosphate content 
swamped the pealc of nitrate if the sample was not diluted).
2.3.4.6 Ammonium Assay 
Materials:
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o Salicylate reagent: Sodium salicylate 85 g and Sodium nitroprusside 0.6 g per litre of distilled 
water
o Fichlor reagent: Dichloroisocyanurate 2.5 g per litre of sodium hydroxide solution (1 M)
o Standard ammonium solution: 25 pg of N of NH^ per ml (117.97 mg (NH4)2S04 per litre). 
Diluted where necessary to give: 25,20,15, 10, 5 and 0 pg of N of NH^ per ml.
Procedure:
Non N limited samples were initially diluted 100 fold, whereas N limited samples were initially 
diluted 20 fold. Any tests showing negative for ammonium were repeated using neat samples.
To 2 ml of salicylate reagent 0.25 ml of sample were added, followed by 2 ml of Fichlor reagent. 
The solutions were then mixed and incubated at 30°C for 30 minutes. To each tube 5 ml of distilled 
water were added, readings were then talcen at 660 nm using a spectrophotometer.
2.3.4.7 Harvesting Bioreactor Samples for RNA, Protein, and Nucleotide 
Determinations
Procedure:
Fresh samples, (10ml) were centrifuged for 20 minutes at 4000ipm. The pellets obtained were then 
resuspended in 5 ml of 1/4 strength Ringers before being respun. The pellets obtained were then 
used in one of the following ways: 1. Freeze-diied for the analysis of RNA. 2, Extracted with BEC 
for the analysis of ATP, ADP and AMP. 3. Extracted with NaOH for the analysis of protein, (as 
described below).
2.3.4.B RNA Extraction and Assay 
Extraction
Materials:
® Perchloric acid (0.5N)
Procedure:
To a known quantity of freeze-dried cells (approximately 30mg, obtained as described in harvesting 
samples 2.3.4.7) 4 ml of 0.5 N percWoric acid were added. After incubation at 70°C for 15 minuitcs 
the sample was centrifuged at 4000rpm for 20 minutes, the supernatant collected and put aside.
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A 3ml aliquot of 0.5N perchloric acid was then added to the pellet, which was again incubated at 
70°C for 15 minutes and respun. The supernatant was collected and the pellet extracted with a 
further 3ml of the acid, and rcspun. The supernatant fractions were then pooled and used in the 
assay.
Assay (Schinder-Orcinol method) Herbert et a l{ \9 1 \)
Materials:
® Reagent 1: 0.9g FeClg.6H20 in 1 litre of concentrated HCl 
© Reagent 2: orcinol in H2O (1 % (v/v))
mix the above when required in ratio 4:1 respectively to give Orcinol reagent 
® Analar n-butanol
© Standard RNA solution 500pg per mi. Diluted where necessary to give: 0, 100, 200, 300, 400 
and 500pg per ml standards.
Procedure:
To 1ml of sample 3ml of the Orcinol reagent were added. The solutions were then incubated at 
100°C for 20 minutes, cooled in tap water and the volume of the solutions made up to 15ml with 
n-butanol. Absorbance readings were then taken at 672mn using a spectrophotometer
2.3.4.9 Protein Extraction and Assay 
Extraction
Materials:
® NaOH (IN)
© HCl (IN)
Procedure:
The pellet obtained from the harvesting procedure was resuspended in 5ml of IN NaOH. This was 
then incubated at 100°C for 10 minutes before being neutralised with 5ml of IN HCl, and was then 
filtered through a 0.45pm membrane filter. These extracts could then be stored at -18^C.
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Assay (Bicinchoninic acid, Sigma)
Materials:
® Solution A: bicinchoninic acid (Sigma)
® Copper sulphate solution (CUSO4.5H2O), (4% (w/v) in H2O)
mix above in ratio 50:1 respectively to give BCA reagent
® Standard protein solution: 2mg per ml bovine semm albumin (BSA). Diluted where necessary to 
give 0 ,0 .4 ,0 .8 ,1 .2 ,1 .6  and 2mg per ml standards.
Procedure:
To 3ml aliquots of the BCA reagent 150pl of samples were added. These were then incubated at 
37°C for 30 minutes, allowed to cool to room temperature and absorbance readings were then taken 
at 562nm using a spectrophometer.
2.3.4.10 Nucleotide Extraction and Measurement (for Energy Charge Assay) 
Extraction:
Materials:
® Modified Hepes buffer, mM: Hepes (Sigma) 25, MgSO^ 7.5, EDTA 1.
® BEC: Benzethonium chloride in modified Hepes buffer (0.1 %(w/v))
Procedure:
The pellets obtained from the harvesting process were resuspended in 10ml of BEC. These 
suspensions were shaken for 1 minute prior to filtration through a 0.45pm membrane filter. These 
filtrates were then stored at -18^C.
Assay
Materials:
® Modified Hepes buffer
© Phosphoenol pymvate, (PEP), 4.3mM in modified Hepes
® Pyruvate kinase, (PK), 100 units. Provided as a solution (2500 units in 0.4ml) in 50% glycerol
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o Adenylate kinase (or Myokinasc), (AK), 100 units. Provided in solid ibrm (2500 units in 
l.lm g). Stock solutions (250 units per ml) were made in modified Hopes buffer, which were 
stored at -18®C.
Buffer A: (ADP->ATP)
PK 16|li1
PEP 584jxl
Modified Hopes 400pl
Buffer B: (AMP+ADP->ATP).
PK 16pl
PEP 584JU.1
AK 400ixl
® Tween 80: 10% (V/V) in H2O
® Luciferin-Luciferase enzyme (Lumit-PM) (Sonco Ltd). Dissolve one portion in 7ml of modified 
Hopes buffer. Aliquots may be stored at -18^C.
o Standard ATP solution: 1 mg/10 litres of pure water (IBOnMoles per litre). Diluted where 
necessary to give 180, 90, 45,22.5,11.25, 5.6, and 2.8 nMoles per litre.
Procedure:
Reaction mixtures were made up to detemaine the levels of ATP, ADP + ATP and AMP + ADP + 
ATP in each sample. Determination of ATP: To 50pl of sample 50fil of modified Hopes were 
added. The solutions were then mixed and incubated at 30°C for 15 minutes. 50|til of Tween were 
then added to each tube. 50|xl of the luciferase enzyme were added to the reaction mixture. Two 
minutes later, the bioluminescence was measured using a Lumac 3M Biocounter (Sonco Ltd).
Determination of ADP + ATP: as for the determination of ATP but substituting 50pl of buffer A for 
the 50|l i1 of modified Hepes used above.
Determination of AMP + ADP + ATP: as for the determination of ATP but substituting 50pl of 
buffer B for the 50|Xl of modified Hepes used above. (See Appendix 2 for further comments)
The coefficients of variation for the above assays generally ranged between 5% and 15%.
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Part 1
Studies on the Unknown Saccharopolyspora Species
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Chapter 3 Selection of an Unknown 
Saccharopolyspora Species
3.1 Identification
Shell Research Ltd. provided 16 organisms which had shown promise as producers of potential 
agrochemicals. For example, they produced either fungicidal, insecticidal, or hcrbicidal activity. 
These organisms had been partially identified as Saccharopolyspora species. The identification 
process was completed by testing for the utilisation of adenine and identifying the DAP isomer 
present in the cell wall.
\
3.1.1 Utilisation of Adenine
Materials:
© 16-strength TSB (g/1: Tiyptone soya broth 15, agar 18, pH7.3)
© Adenine 
Procedure:
Ether sterilised adenine (2g) was added to molten 16-strength TSB agar (500ml at 50°C). When the 
adenine was evenly dispersed within the medium, the plates were poured. (Adenine is insoluble in 
the medium and appears as a white powder.) When set and dried, the plates were inoculated with the 
candidate Saccharopolyspora species, and were then incubated at 30^C for 1 to 2 weeks. A positive 
result was recorded when the bacteria had utilised the adenine, yielding clear zones around the 
colonies.
3.1.2 Determination of the isomer of DAP
Materials:
© HCl (6N)
® Methanol 
© Pyridine
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© Ninhydrin in acetone (0.2%w/v)
Procedure:
Biomass was carefully scraped off a plate and transferred to a pyrex tube with a PTFE lined screw 
cap. 1ml of 6N HCl was then added and the tube incubated at 100°C for 12 to 18 hours.
The hydrolysate was filtered through glass wool and then applied to a cellulose TLC plate (Kodak 
13255, without fluorescent indicator). Hydrolysates were also prepared from known organisms to 
act as standards. When thoroughly dry the plates were developed in a solvent containing methanol; 
H2O: 6N HCl : pyridine (14 : 1 3 : 2 : 5  respectively) for 3 to SVi hours.
The plate was then dried for 1 to 2 hours, sprayed with ninhydrin in acetone, (0.2%w/v) and heated 
for 5 minutes at lOO^C. Characteristic green spots were then visible. (Figure 4)
m eso  isom er
LL isom er
Figure 4 TLC Plate for Determination of isomer of DAP
Illustration of the relative positions of the LL and m eso  isom ers of DAP.
Results
All 16 organisms had the ability to utilise adenine. However, only 3 possessed the meso isomer of 
DAP. These three organisms were then assumed to be Saccharopolyspora species, and were used in 
the next part of the study.
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3.2 Screening
Procedure:
Saccharopolyspora starter cultures (SMI) were used to inoculate 3 complex production media, 
(contact Dr. G. Lethbridge, Shell Research Centre, Sittingboume for further details.) These were 
incubated for 96 hours (30°C, 220ipm) before samples were taken and screened.
3.2.1 Antibacterial and Anti-Yeast Screen
Media for the Challenge Organisms:
© NB and NA for screens against bacteria (Materials 2.2.1 and Methods 2.3.4.1) 
o MYB and MYA for screens aga^st yeasts (Materials 2.2.1 and Methods 2.3.4.1) 
Microorganisms 
Bacteria:
A.citreus N. rugosa M. lutea
B. subtilis E. coll
Yeasts:
C. tropicalis S. cerevisiae
A cup plate assay was perfonned as described in Section 2.3.4.1.
3.2.2 Antifungai Screen
Media for the Challenge Organisms:
o MEPB and MEPA for screens against fungi (Materials 2.2.1)
Fungi:
F, oxysporum F. solani R. cercalls
B. cinerea P. oryzae A. solani
P. debaryanum
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Procedure:
A well was formed in a plate by the removal of an agar plug, approximately 25mm in from one side 
of the petri dish, (Figure 5). 50pl of sample were then placed in the well. A plug of fungus was then 
applied to the plate, approximately 25mm from the other side of the plate. The plate was then 
incubated at 20°C. The growth of the fungus was then observed for 7 days, and zones of inhibition 
were recorded.
plug of fungus well
7 day s a t 20 C
no infiibition of fungus
inhibition of fungus
Figure 5 Diagrammatic Representation of the Procedure Used in the 
Antifungai Screen
5 0 |i l  sa m p le  is ap p lied  to th e  w ell an d  fungal inhibition is  o b se r v e d  after 7  d a y s  in cu bation
3.2.3 Insecticide Screen
Procedure:
To I ml of sample, 9m 1 of tap water were added, followed by approximately 10 mosquito larvae (and 
a tiny amount of food). The vials were loosely capped and incubated at 30®C. Deaths of larvae were 
recorded at 24 hours, 48 hours, and 7 days.
3.2.4 Results from the Screens
No insecticidal activity was observed from the 3 organisms in any of the media.
No anti-yeast activity was observed from the 3 organisms in any of the media.
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Amibaclerial activity was recorded from one isolate (Shell strain number MP2430) in one medium 
against A. citreus. This same isolate in the same medium gave a positive result in the fungicide 
screen against:
F. oxysporum, F. solani, R. cerealis, B. cinerea, P. oryzae, A. solani, P. debaryanum
Thus, one organism (as shown below) was selected as the unknown Saccharopolyspora species to 
be used in this study.
Photograph of the Unknown Saccharopolyspora Species
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Chapter 4 Product Formation in the Unknown 
Saccharopolyspora Species
4.1 Extended Screen in Liquid Culture
The unknown organism (MP2430) was rescreened in the complex production medium which 
previously gave activity (Section 3.2.4), and in the "in-house" defined media.
Media:
® SM2 starter medium (Materials 2.2.1 and Methods 2.3.1)
© Complex production medium (contact Dr.G.Lethbridge)
© M4 carbon-limited (Materials 2.2.2)
® M5 nitrogen-limited (Materials 2.2,2)
® M6 phosphate-limited (Materials 2.2.2)
Procedure:
The organism was grown for 48 hours (30°C, 220ipm) in SM2. 2ml were then removed and used to
inoculate the production media. These flasks were then incubated at 30^C for 96 hours before
samples were used in the bacteriocide assay against A.citreus (Methods Section 2.3.4.1), and the 
fungicide assay (Section 3.2.2) against:
F. oxysporum, F. solani, R. cerealis, B. cinerea, P. oryzae, A. solani, P. debaryanum
The screen using complex media was performed as described previously (Methods Section 2.3.4.1) 
via a cup plate assay using A.citreus as the challenge organism.
Results
No activity was recorded against A. citreus in any of the media.
No activity was recorded against any of the fungi in any of the media.
53
4.2 Development of a Defined Growth Medium
The growth of the Saccharopolyspora species was weak in the in-house media, therefore an attempt 
to formulate a defined medium for growth and antibiotic production was made. The effects of 
different pHs and temperatures were examined, as were different nutrient concentrations and another 
defined medium.
Media:
0 SMI starter medium (Materials 2.2.1)
© M4 (Materials 2.2.2)
- Glucose at 5,10, 15, and 25g/l
- pH at 6, 6.5,7, 7.5 and 8
Incubation temperature at 20°C, 25®C, 30°C, and 37°C 
Q M5 (Materials 2.2.2)
- Nitrogen at 0, 2, 5, and 7g/l 
0 M6 (Materials 2.2,2)
- Phosphate at 0 ,2 ,5 , and 7g/l 
o GMS (Materials 2.2.2)
Glycerol at lOg/l
> Nitrogen source at 0.2g/i: NaNOg and NH^Cl
> Nitrogen source at 4g/l of NH^Cl
- NH^Cl at4g/l
> Glucose at lOg/1 and 20g/l, and glycerol at 20g/l 
Procedure:
A two stage inoculum was prepared. The organism was grown in SMI for 48 hours and then 
subcultured into starter cultures of the defined media for 48 hours. The defined media were then 
inoculated and incubated for 96 hours. Samples were taken daily for dry weight detennination
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(Methods Section 2.3.4.2), and antibiotic production was assayed via the cup plate assay against A. 
citreus (Methods Section 2.3.4.1) for seven days. All assays were perfonned in duplicate.
Results
No activity was obsei’ved from any of these samples. The biomass yields obtained were very low 
indicating that the growth was being suppressed. This suggested that some form of nutrient 
limitation was responsible, excluding carbon, nitrogen or phosphate (as increasing these had 
neglible effect (Table 4)). Indeed, it is possible that the growth obseiwed was a result of some 
required growth factor being carried over with the inoculum, even though two-stage starter cultures 
were used (that is, from a complex starter culture a defined starter culture was inoculated which was 
used to inoculate the experimental flasks). The alternative suggestion was that an inhibitor was 
repressing the growth of the organism. Altering the incubation temperature and pH of the medium 
were found to give little improvement (Table 4)
Although the growth yields obtained were very poor (Table 4), the studies using GMS showed that 
high levels of ammonium were inhibitory to growth. At low levels the biomass yields obtained from 
ammonium were comparable to those obtained with nitrate. It is possible that the ammonium effect 
is due to a shift in pH as when ammonium is used as a nitrogen source, the fermentation becomes 
veiy acidic. Glucose and glycerol appear to be comparable as carbon sources.
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Table 4 Results Obtained from Attempts to Formulate a Defined Medium to 
Allow Growth of the Saccharopolyspora Species (inoculum size 0.1 - 0.15g/l)
Media & Conditions maximum dry weight (g/l)
M4
20°C 0 . 6 6
25°G 0.94
30°C 0.89
37°G 0.79
M4
pH6 0.40
pH6.5 0.39
pH7 0.72
pH7.5 0.87
pH8 0.71
M4
glu cose
5g/i 0 .52
1 0 g/l 0.61
15g/l 0.63
25g/l 0 .43
M5
nitrogen source
Og/I 0 .43
2 g/l 0.52
5g/l 0.61
7g/l 0.89
M6
phosphorous source
Og/I 0 .40
2 g/l 0 .90
5g/l 0 .46
7g/l 0 .69
GMS
glycerol 10g/I
0 .2 g/l NOg 0.78
0 .2 g/l NH4 0.71
4g/l NH4 0.14
GMS
NH^ 4g/l
2 0 g/l glycerol 0 .19
1 0g/I g lu co se 0 .16
2 0 g/l g lu cose 0.19
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4.3 Effects of Oxygen
The activity was lost when the complex medium was used to rcscrccn the organism. Oxygen 
limitation is reported to result in the loss of antibiotic production (Hostaleck, 1964, Liu et al, 1975). 
A series of flasks were set up including baffled flasks, flasks containing wire springs, and stirred 
flasks, in an attempt to improve the oxygen supply.
Media:
® SMI (Materials 2.2.1)
® Complex production medium (contact Dr.G.Lethbridge, Shell Research Ltd.)
Procedure;
The screen was performed as described previously, (Section 3.2.1 and 3.2.2) using baffled flasks, 
flasks containing wire springs, and stirred flasks. The baffled flasks, and the flasks containing 
springs were shaken at 220rpm. The flasks containing magnetic fleas were stirred at a rate sufficient 
to create a vortex. Samples were taken after 96 hours and assayed for antibiotic activity against 
A.citreus and the fimgi as the challenge organisms.
Results
No antibiotic activity was observed. It was therefore concluded that oxygen limitation was not 
responsible for the loss of antibiotic activity.
4.4 Production on Solid Media
As growth in liquid culture was not successful in promoting antibiotic production, antibiotic 
production from organisms grown on solid media was investigated.
Media:
® NA (Materials 2.2.1)
® GYE (Materials 2.2.1)
© MYA (Materials 2.2.1)
© MEP (Materials 2.2.1)
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o BEN (Materials 2.2.1)
© M4 (Materials 2.2.2)
Carbon source glucose
> Nitrogen source NOg or NH^
© M5 (Materials 2.2.2)
Nitrogen source NOg
> Carbon source is glucose or glycerol 
Nitrogen source NH^
> Carbon source glucose glycerol 
© M6 (Materials 2.2.2)
Nitrogen source NOg
> Carbon source glucose or glycerol 
- Nitrogen source NH^
> Carbon source glucose 
© GMS (Materials 2.2.2)
Screen Organisms
Bacteria:
A. citreus 
Fungi:
Fusarium oxysporum Fusarium solani
Botrytis cinerea Pyricularia oryzae
Procedure:
Rhizoctonia cerealis 
Alternaria solani
The unknown Saccharopolyspora species was streaked across the centre of a plate. This plate was 
incubated at 30®C for 1, 3, or 7 days before fungal plugs were applied either side of the streak. The
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plates were then incubated at 2 (fC  to allow growth ol the fungi. Control plates were set up which 
were not inoculated with the Saccharopolyspora species (Figure 6).
Figure 6 Antibiotic Production on Solid Media
con trol p late  
n o b acter ia
1 -  7  d a y s  at 3 0  C  
plug of te s t  fu n g u s
in ocu la ted  
t e s t  p late
in cu b a ted  2 5  C  
d ia m e te r s  read  d aily  for inhibition of fungi
A fter p reincub ation  of th e  Saccharopolyspora  s p e c ie s  on  te s t  p la te s , fungal p lu g s  w er e  
a p p lied  an d  inhibition o b se r v e d . C ontrol p la te s  w e r e  a ls o  s e t  up.
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Results
The diameters of the fungi on the control plates were compared to those on the test plates. Inliibilion 
was only recorded when the control plates had grown at least 5mm more in diameter than the test 
plates. The results are expressed as percentage inhibition, which was calculated as follows:
100 - [diameter of test -  diameter of plug diameter of control -  diameter of well X 100
Table 5 Production of Antibiotic on the Complex Solid Media
% inhibition
incubation Fo Fs As Po Be Rc
1 day 30°C
MEP 0 0 0 0 0 0
MYA 0 0 0 0 0 0
GYE 0 0 31 0 2 4 0
BEN 0 0 0 0 0 0
NA 0 35 70 0 1 0 0 1 0 0
3 days 30"C
MEP 0 0 0 0 0 0
MYA 0 0 0 0 0 0
GYE 0 16 38 0 50 0
BEN 0 32 0 0 0 0
NA 0 59 90 91 1 0 0 1 0 0
7 d ays 30  C
MEP 0 0 0 0 0 0
MYA 0 0 0 0 0 0
GYE 0 2 4 1 0 0 58 1 0 0 1 0 0
BEN 0 2 1 0 0 63 42
NA 39 41 1 0 0 1 0 0 1 0 0 1 0 0
Key
Fo = Fusarium oxysporum 
As = Alternaria solani 
Be = Botrytis cinerea
Fs = Fusarium solani 
Po = Pyricularia oryzae 
Rc = Rhizoctonia cerealis
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Table 6 Production1 of Antibiotic on the Defined Solid Media
% inhibition
incubation Fo Fs As Po Be Rc
7 days 30°C
M4
Glu + NO3 8 0 0 0 0 0
Glu + N H , 0 15 0 30 0 0
M5
Glu + NO 3 0 14 0 7 0 14
Glu + NH^ 16 1 0 0 0 0 0
Gly + NO 3 6 18 0 0 0 2 1
Gly + NH^ 0 16 19 0 0 0
M6
Glu + NO 3 0 0 0 0 27 1 2
Glu + NH4 7 0 0 0 0 0
Gly + NO 3 0 0 0 0 29 1 2
GMS 0 0 0 0 0 24
Key
Fo = Fusarium oxysporum Fs = Fusarium solani
As = Alternaria solani Po = Pyricularia oryzae
Be = Botrytis cinerea Rc = Rhizoctonia cerealis
Inhibition on the complex media was observed (Table 5). NA and GYE gave the greatest inhibition 
of the fimgi. The longer the incubation of the Saccharopolyspora species, the greater the inhibition 
of the fungi. This inhibition could be a result of the accumulation of an antibiotic as the longer the 
incubation of the producer organism, the more antibiotic it could synthesise. However, the inhibition 
could also be a reflection of competition for nutrients between the two species which were grown 
together. The defined media showed no significant inhibition of the fungi (Table 6). Previously 
ammonium had appeared unsuitable as a nitrogen source for this organism (Section 4.2). However, 
it was observed that ammonium supported more growth than nitrate in the "in house" media, which 
had a better buffering capacity than GMS, indicating that the ammonium effect was due to a shift in 
pH
4.5 Growth on Nutrient Agar and in Nutrient Broth
As the unknown Saccharopolyspora appeared to grow well on nutrient agar, growth on nutrient
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broth and nutrient agar were examined to detcnnine some basic growth physiology.
4.5.1 Growth on Nutrient Agar
Traditionally, the diameter or radius of a colony is taken to be a measure of colony growth rale 
(Introduction Section 1.4.1). The colonies formed by the unknown Saccharopolyspora species were 
not unifoim in shape, and thus accurate determinations of the diameter would be difficult. Therefore 
colony areas were measured using image analysis (Appendix 3)
Procedure:
Stab inoculations onto NA were perfoimed. Plates were incubated at 30°C for 11 days. After the 
initial 24 hours the plates were taicen and photocopied to give a record of growth. They were then 
returned to the incubator. This procedure was repeated every 48 hours. The photocopies were then 
taken for image analysis. Four replicas were compared. The image analyser used was a Cambridge 
Instmments Quantimet 920 run on the software QUIPPS V7.0.
Results
Colony areas were found to increase with time (Table 7).
Table 7 Colony Areas on Nutrient Agar
Colony Day 1 Day 3
parea (mm ) 
Day 5 Day 7 Day 9 Day 11
A 3.737 17.355 70.211 115.411 192.209 261.363
B 3.895 35.930 83.308 122.038 184.171 235.733
0 4.121 23.721 61.018 108.617 178.303 244.240
D 3.337 27.357 75.022 124.071 154.987 285.871
An estimate of the radius was calculated via reanangement of area = Tcr^ . Thus r = (area/tc)'^ (Table 
8).
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Table 8 Colony Radii on Nutrient Agar
radius (mm)
Colony Day 1 Day 3 Day 5 Day 7 Day 9 Day 11
A 1.091 2.350 4.727 6.061 7.822 9.121
B 1.113 3.382 5.150 6.233 7.657 8.622
0 1.145 2.749 4.407 5.880 7.534 8.813
D 1.031 2.951 4.887 6.284 7.024 9.539
When these results were plotted (Figure 7) they showed a constant increase, closely following the 
linear growth law.
Figure 7 Colony Radii on Nutrient Agar
colony
radius
mm
1 0  -1
6 -
4 -
2 -
0 “ T
42 1286
time (days)
Estim ates of colony radii were obtained from colony areas using im age analysis. Four 
colon ies of the Saccharopolyspora sp ec ie s  w ere exam ined.
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Linear regression was used to obtain the correlation cocITicicnts r, and the radial growth rates (kr) 
(Table 9).
Table 9 Radial Growth Rates of Saccharopolyspora on Nutrient Agar
Colony r (correlation coefficient) radial growth rate (kr) (mm/hour)
A 0.9966 0.0345
B 0.9894 0.0307
C 0.9994 0.0322
D 0.9915 0.0334
The mean radial growth rate was 0.0327min/hour. All four replicas gave very similar values, with a 
standard deviation of 0.0014mm/h. The coefficients of correlation indicated that the data followed 
the linear growth law vei-y closely.
4,5.2 Growth in Nutrient Broth
Media:
® NB
0 NB + 20g/l glucose 
Procedure:
The organism was grown in a NB starter culture for 48 hours prior to being subcultured into fresh 
NB or NB supplemented with 20g/l glucose. Sufficient flasks were prepared to allow triplicate 
flasks to be used at each sample. Samples were taken for di7 weight and antibiotic determination 
every 24 hours.
Results
No antibiotic activity was detected in either NB or NB + glucose, although good growth was 
observed in both media (Table 10 and Figure 8).
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Table 10 Growth Curves in Nutrient Broth (NB)
dry weight (g/l)
24hrs 48hrs 72hrs 96hrs 120hrs
NB 1.24 2.27 1.56 1.77 1.80
NB+g 1.40 2.48 3 .16 3.67 3.55
Figure 8 Growth Curve in Nutrient Broth (NB)
dry weight
g/l
4 . 0 - ,
3 . 5 -
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2 . 5 -  
2 . 0
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1 . 0  
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60 8 0 1 0 0  1 2 0  1 4 0
time (hours)
The Saccharopolyspora  sp ec ie s  w as grown in NB and NB + 20g/l g lucose at 30 C 220rpm  
for 5 days.
Linear regression was used on the linear portion of a log plot of the growth cuiwe to obtain an 
estimate of the maximum specific growth rate. The values obtained were 0.25h“  ^ and 0.24h"^ in NB 
and NB+g respectively. NB was found to support much better growth yields than GMS (Table 10 
and Figure 8). NB appears to be carbon limited as addition of glucose resulted in increased yields of 
the organism. The studies on NA and in NB indicate that the organism exhibited typical growth of a 
filamentous organism on solid media (Figure 7), and followed the classic growth cui-ve pattern in
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liquid media (Figure 8), suggesting that the previous problems are a result of unsuitable media. 
More study is required to develop a suitable defined medium.
4.6 Antibiotic Production or Nutrient Depietion?
The inliibition observed on the solid complex media was found to be reproducible. Therefore, the 
following experiments were perfonned in an attempt to identify whether an antibiotic was being 
produced, or competition for nutrients was resulting in reduced growth of the fungi. A definite 
answer could only be obtained if inhibition of the challenge organism could be achieved in the 
absence of the "producing" organism. Although grown together, the test and challenge organisms
were spatially separated. Should an antibiotic be causing inhibition it would have to be diffusing 
throughout the agar to reach 
isolate the active compound.
 the cliUllenge organism. Therefore attempts were made to transfer or
4:6,1 Attempts to Transfer the Active Compound 
Procedure:
The screen described in Section 4.4 was performed in duplicate on NA and GYE. After 7 days of 
Saccharopolyspora growth on both sets of test plates, fungal plugs were applied to one test and one 
control plate, which were then incubated and measured for inhibition as described previously. Plugs 
of agar were removed from the remaining test and control plates, and transferred to plates of fresh 
agar which were placed at 4°C for 24 hours, so that any antibiotic present in the agar plug could 
diffuse into the fresh plate. Fungal plugs were then applied to the fresh plates, and the incubation 
perfoimed as described previously (Figure 9).
Results
Fungal inhibition was observed on the test plates strealced with the Saccharopolyspora species. 
However, no inhibition was obseiwed on the plates which had agar plugs transferred to them. The 
fact that no inhibition was observed from the transferred agar does not mle out the possibility that an 
antibiotic was produced. The process of transferring the plug of agar represents a dilution of
aapproximately 1/130 (as the volume of the plug was approximately 1924mm and the volume of the 
agar in the petri dish was 251327mm^). In addition to this large dilution factor, there is a possibility
66
thaï any antibiotic produced was unstable and was degraded before it exerted its effect. Therefore 
solvent extractions were performed in an attempt to isolate the active compound.
Figure 9 Attempts to Transfer the Active Compound
Control Test
Control Plug of agar transferred
incubate at 4 C for 24 hours 
apply fungal plugs
incubate at 25°C  with diam eters m easured daily 
no inhibition observed
An a g a r  p lug w a s  tran sferred  from  an  In ocu la ted  te s t  p la te  to fresh  m ed ium  w hich  th en  h ad  
fu n ga l p lu g s  ap p lied . N o Inhibition w a s  o b se r v e d  o v er  7 d a y s .
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4.6.2 Attempts to Isolate the Active Compound by Solvent Extractions
Materials:
® 70% methanol
® Acetone 
® Toluene 
® Water 
Procedure:
NA plates were prepared in glass petri dishes. Test plates (which were inoculated with a streak of 
the Saccharopolyspora species) and control plates were incubated at 30°C for 7 days. To one test 
and one control plate, fungal plugs were applied to test for fungal inhibition in the usual way. Also, 
for each of the listed solvents, control and test plates were prepared, to which 5ml of one of the 
solvents was added. The plates were then sealed and left at 4®C overnight. The solvents were then 
collected and used in a cup plate assay against A. citreus and the 6 fungi.
Results
Inhibition of the fungi was obseived on solid media inoculated witli the Saccharopolyspora species 
as before (Section 4.4). However, no zones of inhibition were observed in the cup plate assays. 
Although the solvent extractions performed here were not successful in isolating an active 
compound, once again it does not mle this out as a possibility. The dilution factor used in this 
experiment was much lower than that used previously, but the procedure used was crude. The 
possible effects of the solvents on any active compound present were unknown. As mentioned 
previously it may not be a stable compound. Had either of the two previous experiments shown that 
inhibition was transfeiTable, then antibiotic production would have been confirmed.
4.6.3 Investigation of Competition for Nutrients
As the compound was not isolated successfully it was decided to investigate the effects of 
competition for nutrients. Two methods were used:
© Increasing and decreasing the concentration of nutrients in the medium, and obsciving the 
effect on the fungicidal activity
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o Growing the test and challenge organisms "separately" on Lutri plates
4.6.3.1 Effects of Nutrient Concentration
Procedure:
The Saccharopolyspora species was streaked across the centre of test NA plates made up with 
various concentrations of nutrients. Test and control NA plates were incubated at 3()°C for 3 and 7 
days, before fungal plugs were applied and incubation continued at 20®C. The percentage inhibition 
was calculated as described previously (Section 4.4).
Results
Increasing the concentration of the nutrients in the agar increased the inhibitory effect on the fungi 
on the test plates (in the presence of the producer organism) (Table 11). However, no such effect 
was obseived on the control plates, indicating that increased levels of nutrients were not inhibiting 
fungal growth. As nutrient depletion was delayed, the fungicidal activity increased rather than 
decreased, which is consistent with the proposal that an antibiotic was being produced. Had nutrient 
depletion been the cause of the fungal inhibition it would have diminished with the increasing 
concentration of nutrients, which would indicate that nutrient depletion was not responsible for the 
reduced growth of the fungi on the test plates.
69
Table 11 Effect of Nutrient Concentration on Fungal inhibition
nutrient
concentration Fo
% inhibition
Fs As Po Be Rc
3 d ays Saccharopolyspora 
growth
Va strength 0 32 8 8 0 1 0 0 87
3/4  strength 0 46 1 0 0 1 0 0 1 0 0 1 0 0
1  strength 39 46 1 0 0 1 0 0 1 0 0 1 0 0
1  Va strength 47 58 1 0 0 1 0 0 1 0 0 1 0 0
2  strength 53 59 1 0 0 1 0 0 1 0 0 1 0 0
2 Va strength 73 77 1 0 0 1 0 0 1 0 0 1 0 0
3 strength 93 60 1 0 0 1 0 0 1 0 0 1 0 0
7 d ays Saccharopolyspora 
growth
Va strength 13 35 85 57 1 0 0 89
3/4  strength 46 28 1 0 0 71 1 0 0 1 0 0
1  strength 18 50 1 0 0 77 1 0 0 1 0 0
1 Va strength 59 65 1 0 0 1 0 0 1 0 0 1 0 0
2  strength 50 49 1 0 0 1 0 0 1 0 0 1 0 0
2 Va strength 69 6 8 1 0 0 1 0 0 1 0 0 1 0 0
3 strength 75 7 4 1 0 0 1 0 0 1 0 0 1 0 0
Key
Fo = Fusarium oxysporum Fs = Fusarium soiani
As = Alternaria solani Po = Pyricuiaria oryzae
Be = Botrytis cinerea Rc = Rhizoctonia cerealis
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4.6.3.2 Lutri Plates
A Lutri plate is a double-sided petri dish. The sides are separated by a grid and a removable base 
(Figure 10).
Grid
Removable
Base
Figure 10 Diagrammatic Representation of a Lutri Plate
Procedure:
25ml aliquots of NA were used for each side of the Lutri plates. One side was poured and inoculated 
with the Saccharopolyspora species. The base was then removed, and the other side poured and 
inoculated with the fungus. These plates were then incubated at 25°C for 5 days.
A second experiment was set up in which the plates were inoculated on the first side with the 
Saccharopolyspora species, and incubated for 5 days at 30®C before the base was removed, and the 
second side poured. This was then inoculated with the fungus and incubated at 20^C for 5 days.
Results
The effects of competition for nutrients should be greatly reduced, if not removed, through the 
addition of fresh agar just prior to fungal inoculation. Also, as twice the volume of medium was 
used, any activity should have been halved. However, inhibition was observed on the Lutri plates 
(Tables 12 and 13 and Figures 11 to 16). Thus it would seem that the inhibition observed was not 
due to competition for nutrients, but that an antibiotic was indeed being produced.
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Figure 11 Photograph of a Lutri Piate
Figure 12 Photograph of R.cerealis Grown on Lutri Piates in the Presence 
and Absence of the Saccharopolyspora Species
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Figure 13 Photograph of F.oxysporum Grown on Lutri Plates in the Presence
and Absence of the Saccharopolyspora Species
Figure 14 Photograph of F.soiani Grown on Lutri Plates in the Presence and 
Absence of the Saccharopolyspora Species
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Figure 15 Photograph of A.so/an/Grown on Lutri Plates in the Presence and
Absence of the Saccharopolyspora Species
Figure 16 Photograph of P.o/yzae Grown on Lutri Plates in the Presence and 
Absence of the Saccharopolyspora Species
m
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Table 12 Experiment 1 » Inocuiation of Saccharopolyspora and Fungi 
Simultaneously (5 days at 25°C)
Fungi % inhibition
F.oxysporum 34
F.soiani 19
A.solani 53
P.oryzae 57
B.cinerea 8 6
R.cerealis 62
Table 13 Experiment 2 - Incubation of Saccharopolyspora Before Inoculation 
of Fungi (5 days at 30®C followed by 5 days at 20®C)
Fungi % inhibition
F.oxysporum 75
F.solani 71
A.solani 1 0 0
P.oryzae 1 0 0
B.cinerea 1 0 0
R.cerealis 1 0 0
D iscussion
Although the attempts to isolate or transfer the active compound were not successful, the 
experiments performed using Lutri plates and increasing the concentration of nutrients in the agar 
would strongly suggest that an antibiotic was responsible for the fungicidal activity.
4,7 Ultra Violet Mutation Program
A uv mutation program was then undertaken in an attempt to obtain mutants of the wild type 
Saccharopolyspora species capable of growing on a defined medium, or yielding increased 
antibiotic titres. Ultraviolet light is lethal to bacterial cells. However, there is a probability that a cell 
will survive a dose of irradiation. If tlie dose is doubled, the proportion of survivors will fall 
according to the product of the probabilities. If a graph is plotted of the percentage of survivors 
against the dosage of iiTadiation, an exponential survival curve is obtained. The slope of this curve 
will reflect the ease with which the target is hit (its susceptibility to damage) and the number of hits 
required to kill the cell.
The main effects of uv inadiation are on the cells’ DNA. The purine bases (adenine and guanine)
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have been shown to be relatively resistant, but the pyrimidine bases (cytosine and thymine) are very 
susceptible. The most biologically significant alteration is the formation of pyrimidine dimers, 
chiefly of the thymine type. As the two residues associate (or dimerise) their position in the DNA 
helix becomes so displaced that they can no longer form hydrogen bonds with their opposing purine 
partners! (Goodenough 1984 and Lewin 1985) Such dimers are inactivating unless repaired. The 
major line of repair of pyrimidine dimers is photoreactivation, requiring the action of 
photoreactivating enzymes. These enzymes convert the dimers to two monomers. Association of the 
enzyme with the dimers may occur in the dark, however, a photon of light is required to drive the 
monomerisation reaction; hence the name of the enzymes.
4.7.1 Production of Mutants
Procedure:
A spore suspension was made in 14-strength Ringers solution supplemented with 0.01% (v/v) Tween 
80, by carefully scraping biomass off a plate. The suspension was frozen and thawed to lyse 
vegetative cells, and then stirred overnight at 4°C to ensure an even distribution of spores. A series 
of 10 fold dilutions were prepared and 0.1ml of each dilution was spread over a NA plate. These 
plates were incubated at 30^C and colonies were counted after 2 and 6 days incubation.
The spore suspension was then diluted to give approximately 10^ spores/ml. 2ml aliquots of the 
spore suspension were placed into glass petri dishes which were exposed to uv light for time 
periods ranging from 0 to 140 seconds. The uv lamp used was a Hanovia lamp at 254nm. The 
distance of the lamp from the samples was 30cm. The spore suspensions were agitated while being 
exposed to the uv light to prevent shielding.
The spore suspensions were then collected and kept overnight at 4°C in the dark to prevent 
post-irradiation repair. 10 fold dilutions of the samples were prepared and 0.1ml aliquots were 
spread on NA plates, which were incubated at 30°C. Colony counts were performed after 2 and 6 
days incubation. All spread plates for colony counts were perfoimed in duplicate.
Results
It is clear that longer exposure to uv results in fewer survivors (Table 14 and Figure 17).
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The proportion of colonies that took longer than 2 days to appear was calculated and examined with 
respect to exposure time. Longer exposure to uv resulted in slower growth of the colonies (Table 
15 and Figure 18). Measurement of colony growth rates provides a convenient indication that a 
mutation program has affected the phenotype of the resultant isolates.
Table 14 Survival of Spores Exposed to Ultra Violet Radiation
exposure time 
(second s)
0
20
40
60
80
100
120
140
incubation of exp osed  sam ples  
2  days 6  days
colonies/m l % survivors colonies/m l % survivors
1.57x10
7.05x10'
2.63x10
8.16x10'
1.18x10'
2.40x10^
3.15x10'
0
7
6
1 0 0 2 .0 0 x 1 0 ^
1 .0 1 x 1 0 '
1 0 0
44.9 50.4
16.8 5.08x10® 25.3
5.20 2.60x10® 13.0
0.75 1.18x10® 5.86
0.15 7.10x10® 3.54
0 . 2 0 2.33x10® 1.16
0 1.18x10® 0.59
Table 15 The Effect of Ultra Violet Exposure on Growth
exposure time % "slow growers'
(second s)
0 2 1
2 0 30
40 48
60 69
80 90
1 0 0 97
1 2 0 87
"slow growers" w ere classified a s  co lon ies that only appeared after two days incubation
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Figure 17 Survival of Spores Exposed to Ultraviolet Radiation
—  survivors at 2 days 
 survivors at 6 days
% survivors
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8 0  -
4 0  -
20  -
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8 0  1 0 0  1 2 0  1 4 0  1 6 04 0 600 20
exposure to uv (seconds)
A spore suspension was exposed to uv light for various time periods. Survivors were counted on NA 
after 2 days and 6 days incubation at 30°C.
Figure 18 The Effect of Ultraviolet Exposure on Growth
% slow  
growers
1 0 0  -1
80  —
60  -
4 0  -
20  -
8 0  1 0 0  1 2 0  1 4 0  1 6 06020 4 00
exposure to uv (seconds)
The proportion of colonies appearing after 2 days incubation was calculated and compared to length 
of exposure to uv.
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4.7.2 Screening uv Mutants
Procedure:
Clowes and Hayes (1968) state that 95% spore death may be considered to yield a sufficient 
proportion of one hit mutations to provide an adequate number of mutants to screen. Thus the 80 
second sample was selected for the isolation of mutants. An appropriate dilution was made, and 1ml 
spread onto a large bioassay plate containing 250ml NA. This plate was incubated for 7 days at 
30°C.
The NA plate yielded 120 mutants, which were isolated. Slopes were prepared of each mutant on 
NA. Each mutant was tested for growth on a defined medium by streak-plating across GMS. Each 
mutant was also screened for antibiotic production using the agar droplet method described below.
Uniform droplets of NA (containing 3% (w/v) agar) were foimed in an 8 x 8 an angemcnt in a large 
bioassay plate, using a Jencons Accuramatic Duospeed Dispenser. Each droplet was inoculated with 
a mutant and the plates incubated at 30^C for 5 days in polythene bags containing damp cotton 
wool, to prevent the droplets from drying out.
Should the mutants produce any antibiotic, it will diffuse into the droplet. The plates were set up in 
duplicate in order to challenge with A. citreus and P. oryzae. 1ml of A. citreus was added to 200ml 
of NA, which was poured over the droplets. The overlaid dishes were then incubated at 30®C for 24 
hours before zones of inhibition were recorded. The same procedure was used for challenge against 
P. oryzae, however, 5ml of the fungus were used to seed the agar, and the plates were incubated at 
20®C for 3 days.
Results
None of the mutants obtained exhibited increased antibiotic titre, nor the capability to grow well on 
the defined medium. Many more mutants would have to be screened to increase the chances of 
finding the required characteristics.
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4.8 Discussion for Part 1
A summary of procedures and results obtained in this part of the study is given in Figure 19.
Figure 19 Summary of Procedures and Results Obtained in Part 1
16 target "agrochem ically active" organism s
identification
3 Saccharopolyspora sp ec ies
Shell's screen in complex liquid media
1 fungicldally active organism
extended screen in complex and defined liquid media
activity lost
formuiation - ApH, Atemp., AC, AN, AP, Amedia, 02  limitation?
no activity
rescreening in solid culture, complex and defined media
fungicidal activity NA
growth curve NBuv mutation
no activity, pm ax 0,25hno im provem ent
antibiotic production? 
isolate or transfer compound
growth on NA
activity, radial growth ra te  0.033m m h
no activity
nutrient depletion?
Lutri plates and Aconcentration of nutrients
inhibition o b se rved  - therefore is antibiotic
The "unknown" Saccharopolyspora species cxhlbilcd classical growth kinetics when grown in NB 
or on NA. Attempts to foimulate a defined substitute for this medium were unsuccessful. A possible 
approach may be to perfoim a Placketl Bunnan, which is a statistical method for dctcnnining factors 
which would adversely or favourably affect growth or antibiotic production by the organism (Stowe 
and Mayer 1966).
It is not known why the antibiotic activity was not produced whilst the organism was cultured in 
NB, as it was reproducibly produced on NA. It is suggested that the growth rates achieved during 
solid culture are lower than those obtained in liquid culture, possibly allowing antibiotic production 
to occur. Another possibility is that mycelial differentiation affects the ability to produce the 
antibiotic, as these two often appear conelated. Thus the lack of antibiotic activity might be 
explained by the possible lack of differentiation in liquid culture.
4.9 Conclusions for Part 1
It would seem that the unknown Saccharopolyspora species was producing an antibiotic. However, 
attempts to isolate it were unsuccessful (Section 4.6).
The experiments perfoimed on NA confirmed that the linear growth law applied very well to the 
organism. The maximum specific growth rate in NB was 0.025h'^ (Section 4.5).
The attempts to develop a defined medium to support good growth yields of the organism were 
unsuccessful (Section 4.2).
The uv mutation did not provide a more cooperative variant of this organism (Section 4.7).
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Part 2
Studies on Saccharopolyspora erythraea
\
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Chapter 5 Introduction to Part 2: Studies on 
S.erythraea
The production of the anti fungal activity by the unknown Saccharopolyspora species remains 
unexplained despite the studies described in Part 1. Therefore, it was decided to examine the 
regulation of erythromycin production by S.erythraea as a possible model for product formation in 
genus Saccharopolyspora, and thus indicate new approaches which could be applied to the unknown 
organism,
Sacchropolyspora erythraea, formerly Streptomyces erythraeus, produces the macrolide antibiotic 
erythromycin. The macrolide group of antibiotics is characterised by molecular stmctures containing 
large lactone rings linked with aminosugars through glycosidic bonds.
A discussion of the many control mechanisms of secondary metabolism is given in the Introduction 
in Part 1. This section reviews work specifically concerned with the control of the production of 
erythromycin in Saccharopolyspora erythraea. Smith et al (1962) studied the relationship between 
the growth of Saccharopolyspora erythraea and the biosynthesis of erythromycin. In a complex 
medium, antibiotic production occuiTed when growth was halted, whereas in a synthetic medium 
using glycine as the nitrogen source, growth and antibiotic production increased at approximately 
the same time. The infoiuiation they obtained led them to speculate that in the complex medium 
antibiotic production was controlled by a reaction connected with glycolysis, as arsenite was found 
to halve antibiotic production. However, in the defined medium, which was arsenite insensitive, the 
glyoxylate shunt could be operating, as glycine was incorporated but glycine-1-C^^ was not, 
providing carbon for erythromycin without glycolysis. Trilli et al (1987) investigated the 
relationship between specific rate of product formation and specific growth rate in a defined medium 
containing asparagine as the nitrogen source. They found that rates of product formation increased 
with increasing growth rate, indicating that antibiotic production was strongly growth linked. 
Escalanté et al (1982) investigated the effects of glucose on growth and erythromycin production. 
They found that glucose stimulated growth and caused a strong but temporaiy repression of 
antibiotic foimation in a complex medium. A non-metabolisable glucose analogue, 3 dcoxyglucose, 
also suppressed antibiotic foimation.
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Nitrogen regulation of erythromycin has also been reported by Flores & Sanchez (1985). Using a 
defined medium containing glycine as the nitrogen source, the effect of the ammonium 
concentration on erythromycin production was investigated. It was found that erythromycin 
biosynthesis decreased as a function of ammonium concentration. Similar effects were obseived 
with various ammonium salts. Flores & Sanchez (1985) concluded that these effects may be due to 
nitrogen catabolite repression on the ciythromycin forming enzymes although action on a previous 
step necessary for secondaiy metabolism was not mled out.
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Chapter 6 Studies on the Pure Compound of 
Erythromycin
6.1 Antimicrobial activity of erythromycin
The spectrum of activity of eiythromycin was obtained using purified erythromycin (sigma number 
E36376) in a screen against the organisms listed previously (Section 2.1.1).
Procedure:
Bacteria and yeasts were grown overnight at 30^C on a rotaiy shaker at 220 rpm. Spread plates were 
then prepared by adding 0.1 ml of culture per plate, when the plates had dried a plug of agar was 
removed from the centre of each plate. Fungal plates were prepared by removing a plug of agar from 
the centre of each plate, two plugs of test fungus were then applied approximately 2 cm away from 
either side of the well. 50 pi of a 1 mg/ml erythromycin solution were then dispensed into each well. 
Bacterial and yeast plates were incubated at 30°C and zones of inhibition were recorded after 24 
hours. Fungal plates were incubated at 20®C and zones were recorded between 2-5 days.
Results
Erythromycin was very effective against gram positive bacteria in the screen (Table 16).
Table 16 Antimicrobial Activity of Erythromycin
Sensitive
Arthrobacter citreus 
Micrococcus lutea 
Staphylococcus aureus 
Bacillus siibtilis 
Nocardia rugosa 
Escherichia coli
Insensitive 
Candida tropicalis 
Candida bombicola 
Saccharomyces serevisiae 
Schizosaccharomycesfibuligera 
Fusariiun oxysporum 
Fusarium solani 
Rhizoctonia cerealis 
Botrytis cinerea 
Pyricularia oryzae 
Alternaria solani 
Pythium debaryanum 
Pyrenophora graminea 
Geaumannomyces graminis 
Septoria species
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Discussion
Erythromycin was shown to be very effective against the gram positive organisms in the 
antimicrobial screen (Table 16). Yeasts and fungi were insensitive. Erythromycin is known to bind 
to the 70S ribosomes of prokaiyotes, thus inhibiting protein synthesis.
6.2 Minimum inhibitory Concentration of Erythromycin.
The minimum inhibitoiy concentration (M.I.C) of erythromycin required to give a zone was 
calculated for each organism that gave a positive result in the screen.
A range of erytliromycin standards were made by accurate dilution of a 0.1 mg/ml solution. These 
were then used in the cup plate assay (Materials 2.2.1 and Methods 2.3.4.1).
Results
The log of antibiotic concentration is proportional to zone size. A straight line is obtained when 
these two are plotted together. The equation of a straight line is Y = mx + c where m is the gradient 
of the line and c is the intercept. The intercept gives the MIC value required, by taking antilogs. 
Linear regression was used to obtain the values of m and c for the lines obtained (Table 17).
Table 17 MIC Values for Screen Bacteria
r m C MIC pg/ml
A.citreus 0.99 0-107 -1 .197 0 .064
M. lutea 0.98 0.141 -1 .135 0 .073
B.Subtilis 0.98 0.125 -1 .103 0.079
S. aureus 0.98 0.114 -.0737 0 .183
N.rugosa 0.97 0 .116 -0 .432 0 .370
r = correlation coefficient, m = gradient and c  = intercept.
Insufficient data points were obtained to perform linear regression on E.coli. A zone of inhibition 
was only obtained against Img/ml erythromycin. E.coli was found to be sensitive only to veiy high 
concentrations of eiythromycin, S.aureus is reported to have an MIC of erythromycin of 0.14 pg/ml, 
which is in agreement with the values obtained here.
The MIC evaluation was repeated twice to give an idea of tlie accuracy of the value obtained for
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A.citreus. The procedure used was identical to that described previously.
Results
Linear regression was perfoimed to fit a line through the data points. The equations obtained were: 
y = 0.1626X - 1.785 (r = 0.98) MIC = 0.016pg/ml
y = 0.1319x- 1.549 (r = 0.99) MIC = 0.028pg/ml
The line obtained previously was:
y = 0 .1069x - 1.193 (r = 0.99) MIC = 0.064pg/ml
Discussion
The coefficients of correlation indicate that the dilutions made to achieve the required 
concentrations were perfoimed accurately, as in all three cases good linearity was obtained.
However, differences in the MIC values were obtained. These variations could be due to:
© possible inaccuracies in preparing the initial stock solution of erythromycin (this was freshly
made for each experiment)
© differences in the concentration of the inoculum of A.citreus
® differences in the temperature of the agar seeded with A.citreus
© differences in preincubation time (allowing the antibiotic to diffuse throughout the agar before
incubation)
o differences in the depth of the agar
Although variation was observed, the values were quite closely agreeing, being of the same order of 
magnitude (hundredths of pg/ml) and were considered sufficiently consistent to justify adoption of 
this easy assay system for subsequent experiments.
6.3 Effect of pH on Zone Size
Franklin and Snow (1981) state that the activity of erythromycin decreases in acidic conditions, 
thought to be due to the inability of the molecule to penetrate cells in its ionised form. The pKa of 
the basic group of erythromycin is 8.8 (this is tlie pH at which the quantity of unionised
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crylhroniycin is equal to the ionised form). Thus at pHs above 8.8 more unionised erythromycin 
may penetrate cells.
Materials:
® Erythromycin (sigma E36376)
® Citrate phosphate buffer (Cmickshank 1968) pH 4-6 
Stock solutions:
A = 0.1 M citric acid.
B = 0.2 M dibasic sodium phosphate (Na2HP0^).
X ml of A + Y ml of B diluted to give 100 ml.
\
pH A B
4.0 30.7 19.3
5.0 24.3 25.7
5.4 22.2 27.8
6.0 17.9 32.1
® MOPS buffer (sigma) pH 6.5-7.5,100 mM.
® Tricine buffer (sigma) pH 8.0-8.8,100 mM.
® Buffer tablets (B.D.H) pH 9.2, 1 tablet per 100 ml H2O.
Procedure:
Standard buffers were made up as detailed above, 10 mg of erythromycin were dissolved in 100 ml 
of buffer to give 100 pg/ml standards. Samples and buffer blanlcs were then assayed via the cup 
plate method (2.3.4.1) against A.a7re«5.
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Table 18 Effect of pH on Zone Size
A.citreus diam (zone - well) mm
pH blank buffer buffer + erythromycin
4 .0 9.8* 24
5 .0 8.5* 28
5 .4 6 .0 * 29
6 . 0 4.3* 29
6.5 0 29
7.0 0 30
7.5 0 30
8 . 0 0 30
8 .5 0 30
8 . 8 0 30
9.2 0 31
(where * d en otes le s s  confluent growth)
Results
The acidic conditions appeared to be mildly inhibitory to A.citreus and the more basic conditions 
gave larger zone sizes (Table 18).
Discussion
It was found that pH reduced zone size in acidic conditions. Acidic conditions were obtained in the 
fermentation media containing NH^Cl as the nitrogen source. To confirm that the zone sizes 
obtained from the fermentation broths were representative of the eiythromycin content, a broth was 
divided and half was neutralised. The neutralised and original broths were then compared via a cup 
plate assay. The zone sizes obtained were identical. Thus interference of pH in the antibiotic assay 
was not considered to be a problem.
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Chapter 7 Growth and Product Formation in 
S.erythraea
A chemically defined medium was required for the following studies to allow the effects of different 
growth limiting nutrients on antibiotic production and growth physiology to be examined. Initially, 
studies were perfoimed on the chemically defined medium used by Hung, Marx, and Tardicw 
(1965), which is refened to as SDM (or sucrose defined medium, see Materials 2.2.2),
7.1 Selection and Development of a Defined Medium
SDM was prepared with alternative qarbon sources at 25g/l. Two control flasks of SDM were set up, 
one remained uninoculated and the other was made up according to the recipe given in Materials 
2.2.2. Triplicate samples were taken for dry weight determination (2.3.4.2) and antibiotic production 
(2.3.4.1) after five day’s growth. The final pH was also recorded.
Results
The results show that antibiotic was produced from all the carbon sources examined (Table 19). It 
appears that the specific antibiotic production was higher from fructose, glucose, and glycerol than 
from sucrose (Table 19), because they yielded comparable amounts of antibiotic to sucrose, even 
though the biomass yields were much lower.
Table 19 Comparison of Growth Yields on Various Carbon Sources
dry w eight antibiotic zon e pH
m ean g / 1 m ean mm
uninoculated 0 .19 0 6.4
su crose  69g/l 16.96 4 6 9.1
fructose 25g/l 6 . 0 1 41 9.7
g lu co se  25g/l 9 .2 0 42 8 . 8
glycerol 25g/l 1 1 . 2 2 44 9.1
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SDM was then prepared without the succinic acid as this provides a second carbon source. The 
carbon level was reduced to 25g/l. Due to ease of' assay, glucose was selected in prel'ercncc to 
glycerol or fmctose. The effect of different nitrogen sources was examined at 5g/l. The effects of the 
trace solution were also looked into. (Sec Section 7.1 for procedure.)
Results
Table 20 Comparison of Growth Yields Obtained with Various Nitrogen 
Sources
dry weight antibiotic zon e pH
G lucose 25g/l m ean g / 1 m ean mm
NH^GI 5g/l (  trace  ^  ^  ^ ^ 0 .546 0 5.1
NaNOg 5g/l + trace 6 .46 42 .5 9 .6
NaNOo 5g/l - trace 2.44 37 6.9
Ammonium yielded poor growth and antibiotic production (Table 20). However, the trace solution 
appeared to be important for both growth and antibiotic production (Table 20).
As glucose, nitrate, and the trace solution were found to give good growth and antibiotic production, 
a simpler medium combining the above with buffers was developed which was named the glucose 
defined medium (GDM).
Results
Table 21 Comparison of GDM and SDM as Growth Media
dry weight* antibiotic zone*
m ean g / 1  m ean mm
GDM 1.85 37
SDM 9 .87  38
* after four d ays Incubation at 30®C.
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Although the growth yields were much lower in GDM than in SDM (Table 21), antibiotic titres were 
comparable indicating that GDM pcnuitted higher specific antibiotic production. There lore, GDM 
was used in the following studies.
7.1.1 Development of the ”L” Series of Media
To investigate the responses made to a variety of growth limiting nutrients, carbon, nitrogen, and 
phosphate limited conditions were established. This was achieved by making up a range of 
concentrations of the required growtli limiting substrate in GDM and assaying tlic dry weights 
(Methods Section 2.3.4.2) obtained after four days’ growth. (Where necessary the appropriate assays 
were perfoimed to confiim any inconclusive results.) These experiments were performed in 
triplicate.
Results
Glucose limitation was clearly achieved in GDM by reducing the glucose concentration to 12.5g/1 
(Table 22). Another experiment was perfoimed with glucose at 15g/l in GDM, and glucose 
depletion was confirmed by the glucose oxidase assay (Methods Section 2.3.4.3) (diy weight = 
3.1g/l, glucose = Og/1 after four days at 30®C). Thus carbon limitation was achieved in GDM when 
the glucose concentration was reduced to 15g/l. 30g/l of glucose was used when non-carbon limiting 
conditions were required.
Table 22 investigation into the Conditions Required for Carbon Limitation
g lu cose dry weight (m ean of triplicates)(g/1) (g/1)
12.5 3 .04
25  5.79
Reducing the nitrogen to 0.3925g/l in GDM provided nitrogen limiting conditions (Table 23), in 
addition to reasonable dry weights (> 4g/l). The medium containing ammonium chloride as the 
nitrogen source supported very poor growth (approximately lg /1).
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Table 23 Investigation into the Conditions Required for Nitrogen Limitation
dry w eight (m eans of triplicates)(g/1)
N(g/I) N = NaNOg Asparagine NH4 CI
0.1308 2.61 2.89 1.54
0 .2617 2.89 4 .39 1.46
0 .3925 4.39 5.85 0.83
0 .5 2 3 4 4 .22 8.25 0 .76
0 .6542 6 .34 7.32 1.90
Increasing concentrations of phosphate continued to increase the dry weights obtained (Table 24). 
Thus the 0.1 g/1 KH^PO^ samples were tested for residual phosphate (2.3.4.4) and found to contain 
none. Thus, reducing the concentration of phosphorous to 0.1 g/1 KH2PO4 in GDM was found to 
provide phosphate limiting conditions in addition to supporting reasonable dry weights 
(approximately 3g/l).
Table 24 Investigation into the Conditions Required for Phosphate 
Limitation
dry weight (mean of triplicates)(g/1)
KH2 PO 4  (g/1) N = NaNOg Asparagine NH4 CI
0 0.083 0.491 0.025
0 . 0 1 0.495 0.713 0 .193
0.025 0.800 1.280 0 .792
0.05 1.624 1.050 1.355
0 . 1 2.550 3 .560 1.759
7.2 Time Studies in Shake Flask
Time studies were performed in shake flasks to investigate any effects due to nutrient limitation. 
Media used include: C.L.l, N.L.l, N.L.2, P.L.l, P.L.2 and P.L.3 (Materials 2.2.2). All llasks were 
assayed for dry weight (Methods 2.3.4.2), antibiotic production (Methods 2.3.4.1), residual glucose 
(Methods 2.3.4.3), residual nitrogen (Methods 2.3.4.5 and 2.3.4.6) and residual phosphate (Methods 
2.3.4.4). Sufficient flasks were inoculated to allow triplicate flasks to be used for each sample.
Results
The raw data is presented in Appendix 7. Biomass and antibiotic levels increased in the carbon 
limited medium until glucose became depleted (at about 40 hours) (Figures 20 and 21).
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Figure 20 Biomass and Antibiotic Leveis Obtained in the Carbon Limited 
Time Study in Shake Fiask (Medium CL1)
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Figure 21 Nutrient Levels in the Carbon Limited Time Study in Shake Flask 
(Medium CL1)
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Biomass and antibiotic levels increased in the nitrogen limited medium until nitrate became depleted 
(at about 60 hours) (Figures 22 and 23),
Figure 22 Biomass and Antibiotic Levels Obtained in the Nitrogen Limited 
Time Study in Shake Flask (Medium NL1)
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Figure 23 Nutrient Levels In the Nitrogen Limited Time Study in Shake Flask 
(Medium NL1)
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Antibiotic production was obsei'ved when asparagine was used as the nitrogen source in nitrogen 
limited conditions (Figure 24). However, lower yields of antibiotic were obseived than when nitrate 
was used as the nitrogen source (Figures 22 and 24)
Figure 24 Biomass and Antibiotic Levels Obtained in the Nitrogen Limited 
Time Study In Shake Flask (Medium NL2, asparagine as nitrogen source)
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Biomass and antibiotic levels increased in the phosphate limited medium until phosphate became 
depleted (at about 45 hours). Glucose depletion was observed (at about 55 hours) (Figures 25 and 
26). During lysis, phosphate levels were found to increase.
Figure 25 Biomass and Antibiotic Levels Obtained in the Phosphate Limited 
Time Study in Shake Flask (Medium PL1)
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Figure 26 Nutrient Levels in the Phosphate Limited Time Study in Shake 
Flask (Medium PL1)
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Antibiotic production was obsei'ved in phosphate limited media when aparagine and ammonium, the 
alternative nitrogen sources, were used (Figures 27 and 28 respectively).
Figure 27 Biomass and Antibiotic Levels Obtained in the Phosphate Limited 
Time Study in Shake Flask (Medium PL2, asparagine as nitrogen source)
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Figure 28 Biomass and Antibiotic Levels Obtained in the Phosphate Limited 
Time Study in Shake Flask (Medium PL3, ammonium as nitrogen source)
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The curves indicate that antibiotic and biomass increase at the same time. Glucose and nitrate 
depletion limit growth in the carbon and nitrogen limited media respectively. The phosphorous 
limited medium gave rise to phosphorous limited conditions prior to glucose depletion. The results 
are examined in further detail in the following sections
7.2.1 Comparison of Different Methods of Calculating Specific Growth Rates 
1 Exponential Growth Law
The exponential or logarithmic growth law states that dx/dt = px (1), integrating this function gives 
X = x^e^^ (2) and taking natural logs gives the expression Inx = pt + Inx^ (3).
Thus a plot of the natural log of biomass against time will yield a straight line with a gradient of mu 
during the exponential growth phas^. Values for specific growth rates were obtained by performing 
linear regression (Introduction 1.6) on the portion of the growth curve which illustrated exponential 
growth. The curves shown in Figures 29, 30, and 31 are log^^. The values were obtained using log^ 
(In), and are given in Table 25. To convert from log^ to log^Q the following fomiula may be used:
loggX = (log^ox)/(log^Qc)
Log plots of the growth cuiwes in CLl, N Ll, and PLl, (Figures 29, 30, and 31) yielded linear 
portions where mu is often said to be constant. Linear regression was used to provide estimates of 
these growth rates (Table 25)
Table 25 Specific Growth Rates Obtained from Log Plots
Medium Specific growth rate
CL1 0 .1 1 9 3  h'"'
NL1 0 .0 9 2 7  h"''
PL1 0 .1 4 3 2  h'"*
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Figure 29 Log Plot of Biomass in the Carbon Limited Time Study in Shake 
Fiask (Medium CL1)
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Figure 30 Log Plot of Biomass in the Nitrogen Limited Time Study in Shake 
Fiask (Medium NL1)
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Figure 31 Log Plot of Biomass in the Phosphate Limited Time Study In 
Shake Flask (Medium PLl)
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2 Direct Lines
Taking logs greatly reduces the accuracy of results as any variation will be reduced. For example, 1, 
10, and 100 become 0, 1, and 2 when taken to log^Q. To overcome the problem of reduced 
sensitivity, direct lines were fitted between the data points using linear regression. These lines were 
used to provide estimates of biomass and by using the expression dx/dt x 1/x =p from (1) estimates 
of mu were obtained (Table 26).
Sample Procedure
1 and 2 are data points at time t1 and t2 respectively.
Linear regression was used to obtain an expression for the 
relationship between t and x.
X = (dx/dt) .(1/t)+0 (a)
The value of (t2 - 11 )/2 was substituted into equation (a) to give an 
estimate of x at this time.
The values obtained in this way were then substituted into 
the expression for exponential growth (1).
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Table 26 Specific Growth Rates Obtained by Using Direct Lines
Specific Growth Rates (h‘  ^;
data point (time at (t2 - 11) /2)
1.5 2.5 3.5 4.5
CL1 0.093 0.118 0.125 0.057
NL1 0.051 0.089 0.086 0.068
PL1 0.031 0.133 0.145 0.064
Data points 2.5 and 3.5 represent the exponential portion of the curve. A parameter calculated in this 
way using two points is clearly of limited use. Therefore, curve fitting for interpolation was 
examined to obtain a series of growth rate estimates.
3 Polynomial
A further method used to obtain an estimate of mu involved fitting a polynomial curve through the 
data points. This should provide a better approximation to the experimental data. A software 
package "Maths Powergraph COM 130" (AVC Computing Educational Software) was used on a 
BBC microcomputer to do this. It was found that polynomials of degree 4 gave the best fit to the 
data. The equations obtained were:
CLl: X = -0.00001397t^ + 0.001165t^ - 0.02606t^ + 0.2236t - 0.4617
NLl: X = -0.000003176t^ +0.0002764t^ +0.01494t^ - 1.716t + 36.01
PLl: X = -0.00001948t^ + 0.00168t^ - 0.04039t^ + 0.3289t - 0.205
The midpoint values of t as used in the previous section were then substituted into the above 
equations to give estimates of biomass. (Table 13). The polynomial equations were then 
differentiated to yield the following:
CLl: dx/dt = -0.00005588t^ + 0.03495t^ - 0.05212t + 0.2236
NLl : dx/dt = -0.000012704t^ + 0.0008292t^ + 0.02988t -1.716
PLl : dx/dt = -0.00007792t^ + 0.00504t^ - 0.08078t + 0.3289
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Substituting in the mid values for i gave gradients and spccilic growth rates (Table 27). 
Table 27 Specific Growth Rates Obtained by Polynomial Curve Fitting
t X dx/dt
CLl 25.5 1.705 0.24057 0.1411
CLl 30 2.9316 0.32404 0.1105
NLl 47.5 1.6342 0.212671 0.1301
NLl 58.3 4.826 0.3270 0.0678
PLl 25.5 1.5384 0.2542 0.1652
PLl 30
\ 2.8922 0.33766 0.1167
4 Partial Cubic Spline
In addition to the above method of manually obtaining derivative values of biomass, a curve fitting 
program capable of calculating these values was used. The cui'ves fitted were partial cubic splines 
(Introduction 1.6). They yielded a more continuous measure of mu. The peaks obtained for specific 
growth rates are displayed as curves (Figures 34, 37, 39, 42,44, and 46). Listings of the values are 
provided in Appendix 4. Maximum values were obtained from these listings (Table 28).
Table 28 Maximum Specific Growth Rates Obtained from Partial Cubic 
Spline Curve Fitting
|Limax{h‘ )^
CL1 0 .1483
NLl 0 .1155
PLl 0 .1553
The values obtained by each of the four methods were compared (Table 29). It can be seen that the 
curve fitting procedures tend to give higher values of pm ax. However, the pattern obsewcd was the 
same for each of tlie four methods, that is, PLl > CLl > NLl.
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pmax(h'^)
CLl NLl PLl
0.119 0.093 0 .143
0.125 0.089 0.145
0.141 0.130 0.165
0.148 0.115 0.155
Table 29 Comparison of the Values of Mu max Obtained Using Different 
Procedures
Procedure 
log plot 
direct lines
polynomial curve fitting 
cubic spline curve fitting 
D iscussion
The first method used assumes that during the exponential phase there is a period of constant growth 
as all nutrients are in excess, this will be at the maximum specific growth rate.
Microorganisms have developed elaborate ways of maintaining a constant environment within the 
cell. For instance there are many examples of high and low affinity uptake systems for nutrients, 
depending on the prevailing conditions one or other of these may be used to ensure the neccssai-y 
nutrients will be provided to the cell. Thus although an environment is constantly changing, a 
microorganism will adapt to remain viable. Any such adaptation will be expected to affect the 
specific growth rate of an organism. (For example the availability of energy for growth may be 
altered in response to switching from one uptake mechanism to another.)
During the exponential growth phase the environment will be constantly changing both nutritionally 
and physically (due to the increasing number of microorganisms). Thus it represents a dynamic 
environment and the organism will have to be dynamic to survive. It seems unlikely that, in these 
conditions, the specific growth rate of an organism will remain absolutely constant. The results 
obtained during attempts to model the obsei'ved behaviour indicate that the specific growth rate docs 
vaiy during the exponential growth phase, as is clearly shown by the cui-ves obtained from the 
partial cubic spline approximations.
It is suggested that a plot of the log of biomass against time gives a good estimate of the average 
specific growth rate attained during the exponential phase, but that more accurate estimates of the 
maximum specific growth rate require a more sensitive approach.
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7.2.2 Product Formation
The lime studies in shake flasks indicated that increasing biomass occurred at the same time as 
increasing antibiotic titre (Figures 20,22, 24, 25,27, and 28).
Antibiotic titres were calculated from the standard curve obtained during the MIC experiment. 
Erythromycin standards were applied to each cup plate assay to allow standardisation of the results 
from different time studies. Maximum values for specific erythromycin production were obtained 
(Table 30). (Measurements during lysis were omitted as biomass values are artificially low and 
would inflate specific product formation figures.)
Table 30 Maximum Specific Erythromycin Production in Different Media
Y p/x max (mg Erythromycin per g dry weight biom ass)
CLl 6.40
NL1 18.47
NL2 8.03
PLl 28 .80
PL2 3 0 .07
PL3 16.17
Discussion
Carbon limitation gave the lowest specific productivity of erythromycin. Eiythromycin is foimcd 
from acetate derived C3 units by successive additions of methylmalonyl-SCoA to the starter 
molecule propionyl-SCoA. Precursor shortage is likely to account for the low specific productivity 
obtained under carbon limitation.
Nitrogen source was found to affect specific erythromycin production. By comparison of specific 
growth rates and specific productivity in the P.L. media (Table 31) it was observed that ammonium 
had a negative effect on erythromycin production although it had no apparent effect on the specific 
growth rate. However it did affect the biomass yields obtained.
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Table 31 Comparison of Specific Growth Rates and Specific Productivity in 
the P.L. Media
p m a x Yp/x max
(mg/g)
P.L.1 (N 03) 0.118 28.80
P.L.2 (asparagine) 0 .085 30 .07
P.L.3 (NH4) 0.109 16.17
Flores and Sanchez (1985) reported that ammonium inhibited erythromycin biosynthesis. They 
reported total inhibition by 100 mM of ammonium chloride in a medium containing 40 mM of 
glycine as the nitrogen source. P.L.3 contains 130 mM of ammonium chloride however this is the 
sole nitrogen source, after tlie growth phase approximately 57 mM of ammonium chloride were 
available to inhibit eiythromycin biosynthesis.
Phosphate limitation clearly supports higher specific productivity (yields more erythromycin per 
gram of biomass) than do carbon or nitrogen limitation (Table 30).
7.2.3 Relationship Between Growth and Product Formation 
The growth and product fonnation relationships were investigated. Using the cui-ve Fitting program, 
(Introduction 1.6) partial cubic spline curves were fitted to the data (Figures 32, 35, 38, 40, 43, and 
45). This enabled the program to calculate derivative values. The program was altered to illustrate 
the specific growth rates; other specific values were provided by tlie first derivatives of partial cubic 
spline fits to data which had been divided by the appropriate biomass concentration. The cui'vcs 
obtained using carbon, nitrogen and phosphate limited media using nitrate as the nitrogen source are 
shown to illustrate this procedure (Figures 33, 36, 41) It was considered unnecessary to show these 
curves for subsequent experiments as the procedure used was the same, and it was the derivative 
curves that were required. All the raw data is presented in Appendix 7. Thus curves were generated 
which illustrated changes in: biomass (x), the specific growth rate (dx/dt).(l/x), antibiotic 
concentration (ab), antibiotic produced per gramme of biomass (ab/x), and the specific rate of 
product formation (d[ab/x]/dt) (Figures 34, 37, 39,42,44, and 46).
At the time of writing, the program used to obtain these cui'vcs did not illustrate the ordinate (y)
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axis. As il was the timing of the peaks that was of interest, this was not considered a problem. The 
quality of the print was not publishable, therefore these graphs have been reproduced manually. An 
upgraded version of the program is being produced: contact Dr.M.E.Bushell at the University ol 
Siiney for further details.
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Figure 32 Partial Cubic Spiine Fit for the Biomass and Antibiotic Levels in
the Carbon Limited Time Study in Shake Fiask (Medium CL1)
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Figure 33 Partial Cubic Spline Fit for the Level of Antibiotic Produced per 
Gramme of Biomass in the Carbon Limited Time Study In Shake Flask 
(Medium CL1)
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Figure 34 The Specific Growth Rate and the Specific Rate of Antibiotic
Production in Carbon Limited Time Study in Shake Flask (Medium CL1)
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The antibiotic curve w as obtained from the first derivative of a partial cubic spline fit to the ab/x data. 
The specific growth rate curve w a s obtained directly from a computer program (Appendix 1) Non 
growth linked product formation w as obtained a s  the peaks occurred at different tim es (pmax ~ 18h 
qpm ax ~ 40h).
Figure 35 Partial Cubic Spline Fit for the Biomass and Antibiotic Levels in 
the Nitrogen Limited Time Study in Shake Flask (Medium NL1)
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Figure 36 Partial Cubic Spline Fit for the Level of Antibiotic Produced per
Gramme of Biomass in the Nitrogen Limited Time Study in Shake Flask
(Medium NL1)
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Figure 37 The Specific Growth Rate and the Specific Rate of Antibiotic 
Production in Nitrogen Limited Time Study in Shake Flask (Medium NL1)
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The antibiotic curve w as obtained from the first derivative of a  partial cubic spline fit to the ab/x data. 
The specific growth rate curve w a s obtained directly from a com puter program (Appendix 1 )
Growth linked product formation w a s obtained a s  the peak s occurred sim ultaneously ( -  50h)
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Figure 38 Partial Cubic Spline Fit for the Biomass and Antibiotic Levels in
the Nitrogen Limited Time Study in Shake Flask (Medium NL2)
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Figure 39 The Specific Growth Rate and the Specific Rate of Antibiotic 
Production in Nitrogen Limited Time Study in Shake Flask (Medium NL2)
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The antibiotic curve w as obtained from the first derivative of a parti ai cubic spline fit to the ab/x data. 
The specific growth rate curve w as obtained directly from a com puter program (Appendix 1  )
Growth linked product formation w as obtained a s  the peaks occurred sim ultaneously ( ~ 40h)
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Figure 40 Partial Cubic Spiine Fit for the Biomass and Antibiotic Levels in
the Phosphate Limited Time Study in Shake Flask (Medium PL1)
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Figure 41 Partial Cubic Spline Fit for the Level of Antibiotic Produced per 
Gramme of Biomass in the Phosphate Limited Time Study in Shake Flask 
(Medium PLl)
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Figure 42 The Specific Growth Rate and the Specific Rate of Antibiotic
Production in Phosphate Limited Time Study in Shake Fiask (Medium PL1)
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The antibiotic curve w as obtained from the first derivative of a partial cubic spline fit to the ab/x data. 
The specific growth rate curve w a s  obtained directiy from a  com puter program (Appendix 1). Non 
growth ilnked product formation w as obtained a s  the p eak s occurred at different tim es (pmax -  23h  
qpm ax ~ 47h)
Figure 43 Partial Cubic Spline Fit for the Biomass and Antibiotic Levels in 
the Phosphate Limited Time Study In Shake Flask (Medium PL2)
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Figure 44 The Specific Growth Rate and the Specific Rate of Antibiotic
Production in Phosphate Limited Time Study in Shake Flask (Medium PL2)
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The antibiotic curve w as obtained from the first derivative of a  partial cubic spline fit to the ab/x data. 
The specific growth rate curve w as obtained directly from a  computer program (Appendix 1). Non 
growth linked product formation w as obtained a s  the peaks occurred at different tim es (pmax ~ 1 2 h 
qpmax ~ 32h)
Figure 45 Partial Cubic Spline Fit for the Biomass and Antibiotic Levels in 
the Phosphate Limited Time Study in Shake Flask (Medium PL3)
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Figure 46 The Specific Growth Rate and the Specific Rate of Antibiotic
Production in Phosphate Limited Time Study in Shake Flask (Medium PL3)
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The antibiotic curve w as obtained from the first derivative of a partial cubic spline fit to the ab/x data. 
The specific growth rate curve w as obtained directly from a computer program (Appendix 1). Non 
growth linked product formation w as obtained a s  the peaks occurred at different tim es (pmax -  20h  
qpmax ~ 9h)
Discussion
The results obtained from the time studies indicated that biomass and antibiotic titre increased 
during the same period in all of the media used (Figures 32, 35,38,40,43, and 45).
The growth-product fonnation relationships were investigated using the curve fitting program. 
Comparison of the specific growth rates and the specific erythromycin production rates gave very 
clear results, the maximum values obtained were clearly temporally separated in the carbon and 
phosphate limited media, whereas the maximum values occurred simultaneously in the nitrogen 
limited media, thus indicating that the growth linked production of erythromycin was only obtained 
in the nitrogen limited media (Figures 34 ,37 ,39 ,42 ,44 , and 46).
It is suggested that only the use of specific rates of biomass and antibiotic production will reveal the 
tme nature of the relationship between growth and product formation. Volumetric rates or absolute 
quantities must be of limited use, as they do not provide the necessary information on the quantity of 
biomass present in the system. The quantity of a producing organism will deteiminc the total
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volumetric yield obtained in a system, whether the product is growth linked or not.
Carbon substrate limitation has been characterised by a high carbon conversion efficiency in which 
division of substrate carbon into products is minimised in organisms not producing secondary 
metabolites. (Tempest and Wouters 1981) Under such conditions organisms lend to dercpress the 
synthesis of their catabolic enzyme machineiy, whilst tlic synthesis of anabolic functions remains 
adjusted to levels in keeping with the growth rate. (Nierlich 1978, Daigger & Grady 1982, Harder et 
al 1977). According to the above, erythromycin production should not occur under carbon 
limitation, as it is a carbon rich compound. Although the specific productivity is lower than that 
obtained under nitrogen or phosphorous limitation, significant production is observed. Clearly 
erythromycin production is not just a physiological response to carbon limitation. Carbon containing 
compounds provide energy as well as carbon skeletons for biosynthetic reactions in chcmotrophs. 
Thus carbon limitation may result in energy limitation in many organisms.
The initial assimilation of inorganic phosphate proceeds via phosphorylation of ADP. Phosphate 
limitation has been found to induce phenotypic changes in many bacteria, for instance, in conditions 
of phosphate sufficiency the cell walls of the gram positive bacteria contain teichoic acids, which 
contain phosphorous. However, during conditions of phosphate limitation the teichoic acids arc 
replaced by phosphate free teichuronic acids. (Ellwood & Tempest 1972). Thus, during conditions 
of phosphate limitation, cells use any phosphorous available for the synthesis of essential phosphate 
containing compounds such as nucleic acids.
Phosphate limitation would also be expected to affect the energy state of a cell, due to decreased 
ATP synthesis. Both the carbon and the phosphate limited media would be expected to provide high 
energy levels within cells prior to nutrient limitation. However, once nutrient limitation is achieved 
both these media would cause energy limitation. It is interesting that both these media exhibited the 
classical trophophase - idiophase relationship for erythromycin production. That is, erythromycin 
was produced at maximal levels when growth was halted due, in this case, to nutrient (or energy 
level) limitation.
The general response to nutrient limitation other than carbon and energy source was characterised by 
promotion of the formation of cellular polymers which do not contain tlie growth limiting nutrient. 
(Neijssel & Tempest, 1979 Dawes & Senior, 1973 and Sutherland 1982). Whereas, the fonnation of
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products that contain substantial amounts of the growth limiting nutrient was highly constrained.
Nitrogen limitation was found to provide conditions suitable for growth linked production of 
erythromycin. Two possible explanations for this are as follows; as described previously during 
conditions of limitation other than carbon or energy, the biosynthesis of products containing none of 
the growth limiting nutrient is promoted. Erythromycin is carbon rich and its production may rcllcct 
an attempt to remove excess carbon by the cells, in order to allow balanced growth to continue. 
Should this be the case, increasing the carbon supply would be expected to increase the production 
of eiythromycin. The production of cephalosporin by Streptomyces clavuligenis was reported to 
exhibit growth associated kinetics when certain amino acids were used as the nitrogen source. 
However, a decrease in the carbon content of the medium was found to increase the specific 
production of the antibiotic. (Aharanowitz & Demain 1979), suggesting it was not an overflow 
reaction.
Antibiotics are known to be produced at low growth rates (Aharanowitz & Demain 1978 Lillcy et al 
1981). Nitrogen limitation will restrict protein synthesis which will restrict the growth rate of an 
organism. Thus, the second explanation of the growth linked production of erythromycin under 
nitrogen limitation is that nitrogen limitation maintains the growth rate (or rate of protein synthesis) 
at a low level which will allow antibiotic synthesis to occur. Should a low growth rate repress the 
energy state of the cell (some uptake systems have been shown to be growth rate dependent) then it 
is possible that the production of erythromycin is triggered by low energy levels within cells.
7.2.4 Specific Uptake Rates of Nutrients
The cuive fitting procedure was applied to the measurements of substrate used per gramme of 
biomass during the CLl, NLl, and PLl fermentations (Figures 47, 49, and 51). The specific uptake 
rates of the various nutrients were compared to the specific growth rates and specific antibiotic 
production rates in the three media (Figure 48,50, and 52).
Results
It was noted that the peaks in the specific rate of nitrogen uptake (Figures 48, 50, and 52) always 
coincided with the peak in specific growth rate (Figures 34, 37, 42). This would appear to illustrate 
the close connection between the rate of protein synthesis and growth rate. The phosphate limited
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medium (Figures 42, 26 and 52) revealed thaï the peak in the specific antibiotic production rate 
occurred alter phosphate exhaustion and ceased with glucose exhaustion, and the peaks in the 
specific rate of glucose uptake coincided with the peak in the specific growth rate and the peak in 
the specific rate of antibiotic synthesis.
Discussion
The results obseived in the phosphate limited medium led to the speculation that after phosphate 
depletion, excess glucose was diverted to antibiotic synthesis resembling some sort of overflow 
mechanism.
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Figure 47 Partial Cubic Spline Fit of Nutrients Used per Gramme of Biomass
in the Carbon Limited Time Study in Shake Flask (Medium CLl)
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Figure 48 The Specific Rates of Nutrient Uptake in Carbon Limited 
Time Study in Shake Flask (Medium CL1)
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T h ese curves w ere obtained from the first derivative of a partial cubic spline to nutrients used/x data. 
The peak s in g lu cose, nitrate and phosphate uptake occurred at -  27, 25 , and 42h respectively.
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Figure 49 Partial Cubic Spline Fit of Nutrients Used per Gramme of Biomass
In the Nitrogen Limited Time Study in Shake Flask (Medium NL1)
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Figure 50 The Specific Rates of Nutrient Uptake in Nitrogen Limited Time 
Study in Shake Flask (Medium NL1)
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T h ese  curves w ere obtained from the first derivative of a  partial cubic spline to nutrients used/x data. 
The peaks in g lucose, nitrate and phosphate uptake occurred sim ultaneously at ~ 50h.
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Figure 51 Partial Cubic Spline Fit of Nutrients Used per Gramme of Biomass
in the Phosphate Limited Time Study in Shake Flask (Medium PL1)
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Figure 52 The Specific Rates of Nutrient Uptake in Phosphate Limited Time 
Study In Shake Flask (Medium PL1)
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T h ese curves w ere obtained from the first derivative of a partial cubic spline to nutrients used/x data. 
The peaks in g lu cose, nitrate and phosphate uptake occurred at ~ 20 & 47, 27, and 27h respectively
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7.3 Effect of Glucose Concentration on Antibiotic Synthesis
In an attempt to dctcmiine whether antibiotic production represents a mechanism to remove excess 
nutrients when growth is halted, both nitrogen and phosphate limited media were made up with 
various concentrations of glucose. The effect of glucose concentration on the maximum yield o( 
antibiotic was examined in a shake flask experiment. Sufficient flasks were prepared to allow 
triplicate flasks to be used for each sample.
Results
Increasing the glucose concentration did not affect the growth product formation relationships, and 
appeared to result in higher yields of antibiotic in the nitrogen limited medium (Table 32). However, 
increasing the glucose concentration in the phosphate limited medium led to a decrease in the 
specific yield of antibiotic, but did not affect the specific growth rates (Table 32).
Table 32 Effect of Glucose Concentration on Antibiotic Yields
Nitrogen Limited 
g lu cose  Yab/x
Phosphate Limited 
g lu cose Yab/x prnax
h"'9/1 (mg/g) g/i (mg/g)
30 13.0 30 61.3 0 .074
33 13.2 35 56.9 0.083
36 16.3 40 53.0 0 .074
40 17.1 45 44 .7 0 .078
50 42 .6 0.082
Discussion
Increasing the glucose concentration appeared to result in higher yields of antibiotic in tlie nitrogen 
limited medium (Table 32). Previously, NLl at 30g/l glucose gave an antibiotic yield of 18mg/g. 
These differences probably reflect the problems of using shake flask experiments with 
non-homogeneous microorganisms. Thus the data obtained in the nitrogen limited study is probably 
insufficient to draw any firm conclusions. A larger range of glucose concentrations may be required 
to confiim that overflow metabolism is responsible for the increased yields of antibiotic per gramme 
of biomass. The phosphate limited study revealed a reverse trend, in that increasing the glucose
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concentration actually repressed the yield of antibiotic. This is consislenl with some form of 
catabolite regulation operating in phosphate limited media but not in nitrogen limited media. Many 
examples of tliis type of regulation of antibiotics can be found in the literature (Introduction 1.3.2). 
Once again, further experimentation would be required to confinn this effect. Escalante et al. (1982) 
have reported glucose repression of erythromycin, but in a complex medium.
\
123
Chapter 8 Regulation of Erythromycin 
Biosynthesis
An investigation into the possible control mechanisms of erythromycin biosynthesis was perfonncd 
using the nitrogen and phosphate limited media (NLl and PLl.F respectively). In order to eliminate 
some of the variation in the results the following studies were perfoimed in a 2 litre fermenter. In 
this way, all the samples were taken from the same fermentation broth rather than sampling a 
number of parallel fermentations.
8.1 The Effect of the Energy State of the Cell on Antibiotic 
Production \
To investigate the proposals made in tlie previous chapter which suggested that the energy level 
within the organism could be involved in controlling the production of erythromycin, measurements 
of the intracellular levels of ATP, ADP, and AMP were made in both the nitrogen and phosphate 
limited media. The fermenters were set up as described in Methods 2.3.2. Samples were taken and 
analysed for dry weight, antibiotic, nutrients, and nucleotide levels (Methods 2.3.4).
Results
The raw data is presented in Appendix 7. The trends obseived in biomass, antibiotic, and nutrient 
levels agreed with those observed in the shake flask experiments (Section 7.2) (Figures 53, 54, 55, 
and 56). Biomass and antibiotic increased with time until tlie relevant nutrient became limiting.
It is clear that the growth product foimation relationships observed were also the same as those 
obseiwed in the experiments perfoimed using shake flasks (Section 7.2) (Figures 57 and 58). The 
phosphate limited medium gave rise to non growth linlced product foimation, whereas nitrogen 
limited growth permitted growth linked product foimation.
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Figure 53 Biomass and Antibiotic Leveis in a Nitrogen Limited Batch
Cuiture: Fermenter Run 1 (Medium NL1)
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Figure 54 Nutrient Levels in a Nitrogen Limited Batch Culture: Fermenter 
Run 1 (Medium NL1)
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Figure 55 Biomass and Antibiotic Levels in a Phosphate Limited Batch
Cuiture: Fermenter Run 1 (Medium PL1F)
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Figure 56 Nutrient Levels in a Phosphate Limited Batch Culture: Fermenter 
Run 1 (Medium PL1F)
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Figure 57 Specific Growth Rate and Specific Rate of Antibiotic Production in
Nitrogen Limited Batch Culture; Fermenter Run 1 (Medium NL1)
specific
growth
rate
Hh'-1
qp
13.8 27.6 41.4 55.2 69.0 82.8 96.6 110.4
Specific 
rate of antibiotic production
qp  -1 .-1mg g h
Time (hours)
The antibiotic curve w as obtained from the first derivative of a partial cubic spline fit to the ab/x data. 
The specific growth rate curve w as obtained directly from a computer program (Appendix 1 )
Growth linked product formation w as obtained as the peaks occurred sim ultaneously (~ 41 h)
Figure 58 Specific Growth Rate and Specific Rate of Antibiotic Production in 
Phosphate Limited Batch Culture: Fermenter Run 1 (Medium PL1F)
specific
growth
rate
nh“ *
12.5 25.0 37.5 50.0 62.5 75.0 87.5 100
specific rate of 
antibiotic production
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The antibiotic curve w as obtained from the first derivative of a partial cubic spline fit to the ab/x data.
The specific growth rate curve w as obtained directly from a computer program (Appendix 1)
Non growth linked product formation w as obtained a s  the peaks occurred at different tim es (pmax ~ 38h  
qpmax -  63h)
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Specific adenine nuclcolidc levels were calculated to sec whclher any relationship could be observed 
between the intracellular level of any one nucleotide and the onset of antibiotic biosynthesis. The 
curves obtained (Figures 59 and 60) show that ATP per gramme of biomass (ATP/x) and ADP/x 
generally decrease throughout the fermentation, whereas AMP/x generally increases. As ATP/x 
appeared to decline exponentially, it was compared to the biomass and antibiotic levels. It was found 
that both were inversely related to ATP/x during the exponential growth phase. It was not possible 
to make any distinction between nitrogen and phosphate limited media. It would therefore appear 
that ATP/x reflects the demands of metabolism and growth on the cell.
Energy charge values were calculated to see whether they showed any relationship to the timing of 
antibiotic biosynthesis. Energy charge was found to decrease throughout the fermentation (Figures 
61 and 62) (as would be predicted from the specific adenine nucleotide levels). Energy charge did 
not appear to have a direct role in the initiation of antibiotic biosynthesis. The level of ATP/x 
appears to be a major contributor to the energy charge value (energy charge reflects the ATP/x 
trends). It is possible that the low energy levels observed are the result of the metabolic burden that 
antibiotic biosynthesis and secondaiy metabolism places on the cell, especially as the decrease in 
ATP/x corresponds to biomass and antibiotic formation. However, the yield of antibiotic per cell is 
very low, and seems unlikely to account for the extent of the reduction of energy level.
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Figure 59 Specific Nucieotide Leveis in a Nitrogen Limited Batch Cuiture:
Fermenter Run 1 (Medium NL1)
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Figure 60 Specific Nucleotide Levels In a Phosphate Limited Batch Culture: 
Fermenter Run 1 (Medium PL1F)
ATP
AMP
ADP
sp e c if ic  
le v e ls  of 
a d e n in e  
n u c le o t id e s  
n m o l e s ^  5 0 0 ^
7 0 0  -
4 0 0  -
3 0 0 -
2 0 0 -
1 0 0  -
0 -
10080604 0200
time (hours)
129
Figure 61 Energy Charge Levels in a Nitrogen Limited Batch Culture:
Fermenter Run 1 (Medium NLl)
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Figure 62 Energy Charge Levels in a Phosphate Limited Batch Cuiture: 
Fermenter Run 1 (Medium PLF1)
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8.2 The Effect of the Rate of Protein Synthesis on Antibiotic 
Production
As the nitrogen limited growth gave rise to growth linked product fonnation, it was decided to 
compare the changes in protein synthesis in the nitrogen and phosphate limited media. The 
fermenters were set up as described previously (Methods Section 2.3.2), Samples were taken and 
analysed for di-y weight, tmtibiotic, nutrients, energy charge, protein, and RNA (Methods Section 
2.3.4). Unfortunately, due to the large volume required for the number of analyses perfomicd, only 
one sample per time point could be taken for RNA, protein and energy charge.
Results
The raw data is presented in Appendix 7. The trends for biomass, antibiotic, nutrients, specific 
nutrient uptake rates, energy chargb, and the growth product formation relationships obsci-vcd 
previously were once again confirmed (Figures 63, 64, 65, 66, 67, 68, 69, 70,71, and 72). Biomass 
and antibiotic increased until the relevant nutrient became limiting. The peak in the specific rate of 
nitrogen uptake coincided with the peak in specific growth rate. Energy charge decreased throughout 
the fomentation. The phosphate limited medium gave rise to non growth linked product formation, 
and the nitrogen limited medium peimitted growth linlced product formation.
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Figure 63 Biomass and Antibiotic Levels in a Nitrogen Limited Batch
Culture: Fermenter Run 2 (Medium NL1)
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Figure 64 Nutrient Levels In a Nitrogen Limited Batch Culture: Fermenter 
Run 2 (Medium NL1)
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Figure 65 Specific Growth Rate and Specific Rate of Antibiotic Production in
a Nitrogen Limited Batch Culture; Fermenter Run 2 (Medium NL1)
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The antibiotic curve w as obtained from the first derivative of a partial cubic spline fit to the ab/x data. 
The specific growth rate curve w a s obtained directly from a  computer program (Appendix 1 )
Growth linked product formation w as obtained a s  the peaks occurred sim ultaneously (~ 40h)
Figure 66 Specific Nutrient Uptake Rates in a Nitrogen Limited Batch 
Culture: Fermenter Run 2 (Medium NL1)
specific uptake rate of 
glucose nitrate
qphos
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T h ese curves w ere obtained from the first derivative of a partial spline to nutrients used/x data. 
The peaks in g lu cose, nitrate, and phosphate uptake occurred sim ultaneoulsy (~ 44h)
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Figure 67 Energy Charge Levels in a Nitrogen Limited Batch Culture;
Fermenter Run 2 (Medium NL1)
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Figure 68 Biomass and Antibiotic Levels in a Phosphate Limited Batch 
Culture: Fermenter Run 2 (Medium PL1F)
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Figure 69 Nutrient Levels in a Phosphate Limited Batch Culture: Fermenter
Run 2 (Medium PL1F)
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Figure 70 Specific Growth Rate and Specific Rate of Antibiotic Production in 
a Phosphate Limited Batch Culture: Fermenter Run 2 (Medium PL1F)
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The antibiotic curve w a s obtained from the first derivative of a partial cubic spline fit to the ab/x data.
The specific growth rate curve w as obtained directly from a com puter program (Appendix 1)
Non growth linked product formation w a s obtained a s  the peaks occurred at different tim es (pmax -  30h  
qpm ax -  50h)
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Figure 71 Specific Nutrient Uptake Rates in a Phosphate Limited Batch
Culture: Fermenter Run 2 (Medium PL1F)
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T h ese curves w ere obtained from the first derivative of a  partial spline to nutrients used/x data. 
The peak s in g lu cose , nitrate and phosphate uptake all occurred sim ultaneously (~ 30h)
Figure 72 Energy Charge Levels in a Phosphate Limited Batch Cuiture: 
Fermenter Run 2 (Medium PL1F)
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The ratio of protein to RNA (P/RNA) was found to vary throughout the fermentation (Figures 74 
and 75). It was noted that in both the nitrate and phosphate limited media, antibiotic production rate 
became significant once a downward trend in P/RNA had become established. This trend was more 
pronounced in the phosphate limited media than in the nitrate limited media, which may account for 
the high yields of antibiotic obtained during phosphate limitation.
The rate of RNA synthesis remained fairly constant (see Appendix 7 for data sheets). However the 
rates of protein synthesis decreased throughout the fennentations in both the nitrate and phosphate 
limited media. As RNA remained constant, it would appear that the rate of protein synthesis is the 
important parameter in detemiining the P/RNA ratio. Nitrogen limitation presumably decreases 
P/RNA thiough a shortage of a nitrogen source for protein synthesis. It was obsciwed however, that 
phosphate depletion also brought about a decrease in P/RNA in the phosphate limited media. It is 
suggested that this may arise from ATP limitation restricting tRNA charging, and hence protein 
synthesis or from limitation of GTP which is hydrolysed at three stages of protein synthesis; during 
the fonnation of the ribosomal initiation complex, during the binding of the aminoacyl-tRNA to the 
ribosome and in the translocation of the peptidyl-tRNA chain from the A site to the P site of the 
ribosome, thus GTP drives the reactions of protein synthesis. (For a more detailed description of 
protein synthesis refer to Stryer 1981.) It is suggested that the rate of protein synthesis may be 
reduced by alternative routes, and that it is the reduction of the rate of protein synthesis which 
triggers the initiation of antibiotic synthesis (Figure 73). The route by which the rale of protein 
synthesis is reduced will detemiine whether production is growth linked or not. As the rate of 
protein synthesis will not be reduced in conditions of excess nitrogen until phosphate is depleted, the 
initiation of antibiotic production is delayed and hence non-growth linked production of the 
antibiotic is observed (phosphate limited medium). During conditions of nitrogen limitation, the rate 
of protein synthesis will be restricted while growth is occurring. Hence, growth linked product 
formation is observed. Ochi (1986, 1987a, 1987b, 1987c) illustrated a close link between the 
initiation of antibiotic production and the stringent response. The stringent response is characterised 
by the accumulation of ppGpp which leads to a decrease in the rate of protein synthesis. It is now 
known that ppGpp is not directly responsible for the initiation of the production of antibiotic 
(Bascaran et al in press). Thus the rate of protein synthesis has also been suggested to be important 
for the initiation of antibiotic biosynthesis by Bascaran et al. (in press).
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Figure 73 Proposed Model for Alternative Routes Leading to the Initiation of 
Antibiotic Biosynthesis
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Figure 74 Ratio of Protein to RNA in a Nitrogen Limited Batch Culture:
Fermenter Run 2 (Medium NL1)
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Figure 75 Ratio of Protein to RNA in a Phosphate Limited Batch Cuiture: 
Fermenter Run 2 (Medium PL1F)
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Alroy and Tanncnbaum (1973) performed a study on the efleet of growth rate and temperature on 
RNA and protein concentrations in microorganisms. They found that increasing the specific growth 
rate led to an increase in the effectiveness of nucleic acids in protein synthesis. They defined the 
term ribosomal efficiency (E^y) which, as its name suggests, gives an indication of the efficiency 
with which the ribosome is synthesising protein and is represented by the rate of protein synthesis 
per unit of RNA.
Ribosomal efficiency was actually defined as the rate of protein synthesis per unit of RNA. Thus, 
= dP/(RNAdt). An estimate of this parameter was obtained for the batch fermentations through 
the use of the partial cubic spline program (by calculating P/RNA and using these in the program, 
the derivative curve dP/(RNAdt) was obtained) (Figures 76 and 77). In steady state, where dp/dt = 
).ip, the parameter may be found directly through the expression E^ .^  ^= (P/RNA).D. This expression 
describes the relationship between specific growth rate, protein, and RNA. The ribosomal 
efficiencies obtained in this way did not yield any further information. In both the nitrogen and 
phosphate limited media the ribosomal efficiency started high and decreased, as the protein levels 
decreased throughout the fermentation.
Alroy and Tannenbaum (1973) reported that protein decreased with increasing specific growth rate. 
This is in agreement with the results obtained in this study taken before the maximum specific 
growth rate was attained. However, the results obtained with the decreasing growth rates after the 
maximum had been attained showed further reductions in protein content. During a batch 
fermentation there are two times at which the organism is growing at a particular growth rate; before 
and after the maximum specific growth rate. Although growing at the same rate, the organism will 
be experiencing very different environments, so these environmental differences probably account 
for the protein decrease after the maximum specific growth rate has passed.
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Figure 76 Theoretical Ribosomal Efficiency Obtained for Nitrogen Limited 
Batch Culture: Fermenter Run 2 (Medium NL1)
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T h ese  curves w ere obtained from the first derivative of a  partial spline to P/RNA data.
Figure 77 Theoretical Ribosomal Efficiency Obtained for Phosphorous 
Limited Batch Culture: Fermenter Run 2 (Medium PL1F)
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T h ese  curves w ere obtained from the first derivative of a partial spline to P/RNA data.
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Discussion
The results tiierefore indicate that energy charge has no obvious role in the Initiation of antibiotic 
biosynthesis. Ribosomal efficiency would not appear to have any role in antibiotic regulation as it 
exhibited the same pattern for both the nitrogen and phosphate limited media, even though antibiotic 
production varied. However, it was noted that at the maximum specific antibiotic production rate the 
ribosomal efficiency was zero.
The rate of protein synthesis, however, appears to be a strong candidate for the initiator of antibiotic 
biosynthesis. Previous studies have led to the suggestion that the specific growth rate is important in 
regulating antibiotic biosynthesis (Aharonowitz and Demain, 1978 and Lilley et al 1981). It is 
impossible to say whether the rate of protein synthesis determines the specific growth rate, or 
whether the specific growth rate determines the rate of protein synthesis. Thus it is possible that 
their examples represent the same control mechanism as obseived in nitrogen limited media.
With a complex system, containing more than one variable, it was very difficult to determine cause 
and effect relationships. A system was required where only one parameter was changed, and the 
effect of this could be examined on all the other parameters. It was therefore decided to use 
chemostat culture to confirm that growth linked production of antibiotic was occurring in the 
nitrogen limited medium and to see whether any control mechanisms governing antibiotic 
biosynthesis could be infened.
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Chapter 9 Erythromycin Production in Chemostat 
Culture
9.1 Erythromycin Production During Nitrogen Limitation
Chemostat culture (Introduction 1.4.2.2 and Methods 2.3.3) was used to examine the physiology of 
erythromycin production. A nitrogen limited chemostat was set up and at least three samples were 
talcen at a range of steady states. The assays described previously for dry weight, antibiotic, 
nutrients, energy charge, protein, and RNA (Methods 2.3.4) were performed on each sample.
Results
The data obtained (see Appendix 7) showed an obvious trend; both biomass and antibiotic decreased 
with increasing dilution rates (Figure 78). The points taken at a particular dilution rate agreed quite 
well, as would be expected. The points obtained at different dilution rates fell onto a smooth cuive 
with the exception of the data obtained at the dilution rate of 0.035h"^ although the standard 
deviation was comparable to that obtained at the otlier dilution rates, it would appear that the dry 
weight obtained was lower than would have been expected, this, in turn, affects the estimation of all 
the specific rates by inflating them. The data at this dilution rate was the only data obtained in a final 
chemostat mn, (the other data were obtained from two earlier runs) this may account for the 
differences obseived, and despite this difference, the same overall pattern was confinned.
The explanations proposed for the observed trends in biomass and antibiotic were:
1. At higher growth rates with metabolism proceeding at a higher rate, an intracellular pool of 
ammonium was accumulating which was inliibiting biomass and antibiotic foimation. An 
example of this kind of inhibition has been reported previously in mammalian cell lines, 
(McQueen & Bailey 1990). A similar proposal was made by Lilley et al. (1981) to explain the 
deregulation of antibiotic biosynthesis when nitrate was substituted for ammonium in batch 
cultures of Streptomyces cattleya.
To test this hypothesis, a method of measuring intracellular ammonium was developed. It was 
found that the BEC extraction procedure (Section 2.3.4.6) as used for deteimination of energy
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charge was suitable for the detection of intracellular ammonium. No interference with the 
ammonium assay was observed and samples spiked with known quantities of ammonium were 
not degraded by the extraction. However, no ammonium was detected in any of the steady state 
liquors or cell extracts. Nor was it detected in the nitrogen limited batch cultures.
2. Oxygen limitation is known to result in "wash out" of biomass as seen here. (Pirt 1975). 
However, all the batch cultures were run under identical conditions to the chemostat and none of 
these exhibited oxygen limitation even though the broths were much thicker. Gas analysis 
indicated that plenty of air was being pumped through the system, twice the recommended 
volume was being used.
3. Erythromycin was inhibiting the growth of S.erythraea (and consequently its own production). 
Examples of product inhibition a^e well recorded (Pirt, 1975).
Figure 78 Biomass and Antibiotic Leveis in a Nitrogen Limited Chemostat 
(Medium NLl)
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9.1.1 Product Formation
As mentioned previously, An estimate of was obtained using linear regression
(Figure 79). The equation generated was:
r = 0.969p = 0.00105Ix - 0.00003 thus y = 0.001051 
Figure 79 The Relationship Between Antibiotic and Biomass Levels
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By substituting the value of y^y^ obtained above, estimates of the specific product formation rates 
were made (Table 33).
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Table 33 Specific Product Formation Rates Obtained at Different Dilution 
Rates
Dh"'' qp9/gh
0.018 0.00001892
0.028 0.00002943
0.035 0.00003679
0.047 0.00004939
0.056 0.00005886
The specific rate of product foraiation is directly related to the specific growth rate (Figure 80). 
Thus it was confirmed that eiythromycin is a growth linked product when grown in nitrate limiting 
conditions.
Figure 80 Specific Rate of Product Formation in a Nitrogen Limited 
Chemostat (Medium NL1)
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9.1.2 Nutrients
The patterns obsci*ved for residual nitrate and glucose (Figure 81) iollow the expected trends 
considering the trends obsciwed for biomass and antibiotic levels (Figure 78). When the specific 
rates of nutrient uptake were investigated it was found that both increased with increasing specific 
growth rate (Figure 82).
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Figure 81 Nutrient Levels In a Nitrogen Limited Chemostat (Medium NL1)
phosphate glucose  nitrate
residual 
glucose
g/l
residual 
phosphate
g/l
20-1
residual
nitrate1 5 -
1 0 -
- 0.6
5 - - 0 .4
0.2
0.000 0.010 0.020 0.030 0.040 0.050 0.060
dilution rate 1/hours
Figure 82 Specific Nutrient Uptake Rates i n  a Nitrogen Limited Chemostat 
(Medium NL1)
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9.1.3 Energy Charge
The results from the chemostat experiment confinn that a low energy charge was not the trigger for 
antibiotic biosynthesis in nitrate limited conditions. Energy charge was found to increase with 
increasing specific growth rate and specific antibiotic production rate (Figure 83). The energy 
charge levels attained in the chemostat were higher than those measured in batch culture, thus the 
suggestion that a low energy charge during the growth phase was permitting antibiotic biosynthesis 
seemed unlikely.
9.1.4 Ribosomal Efficiency
The proportions of protein and RNA were also found to vary according to the dilution rate. The 
specific rate of protein synthesis showed a linear increase with specific growth rate. The specific rate 
of RNA synthesis generally showed a linear increase (and then decreased after a certain point) 
(Figure 84).
The protein and RNA values were used to calculate the ribosomal efficiency (Figure 83). Both the 
ratio of P/RNA and the ribosomal efficiency showed the same pattern: the ribosome (or RNA) 
produced more protein with increasing growth rates, ribosomal efficiency increased with increasing 
growth rates. These findings agree with those of Alroy and Tannenbaum (1973).
From the observations made from the batch fermentations, it was suggested that a reduction in 
P/RNA would lead to antibiotic production by restricting the rate of protein synthesis. Thus P/RNA 
should decrease with dilution rate (as antibiotic was increasing). The reverse was observed. 
However, it is argued that in the chemostat the supply of nitrogen will limit protein synthesis at all 
dilution rates, which accounts for the antibiotic production obsei'ved at all dilution rates.
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Figure 83 Energy Charge Levels and Ribosmal Efficiency in a Nitrogen
Limited Chemostat (Medium NL1)
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Figure 84 Specific Production Rates of Protein and RNA in a Nitrogen 
Limited Chemostat (Medium NL1)
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9.1.5 D iscussion
In a recent review, TrilU (1990) proposed very clear arguments for the use of continuous culture in 
detennining the kinetics of metabolite production. However, chemostat culture has not been widely 
used in the investigation of the regulation of antibiotic synthesis. It is expensive to buy the necessary 
equipment and is technically difficult to perform, as it is prone to contamination and mechanical 
breakdown due to the extended time periods employed. Filamentous organisms introduce additional 
problems due to the high viscosities reached during fermentations (Bushell, 1988) which may, for 
example lead to fouling of probes, or restriction of oxygen transfer causing pelleting. In addition to 
these problems fragmentation of hyphae has been reported to adversely affect the productivity of a 
fermentation (Shomura et al,1919).
Although scarce, reports on the production of several antibiotics produced by actinomycetes using 
chemostat culture are available. Chlortetracycline production was found to be growth linked in 
Streptomyces aureofaciens when grown under both carbon and nitrogen limitation. (Sikyta et 
a/,1961) Sikyta et al also reported that an average value of the maximum specific growth rate was 
calculated from batch cultures to be 0.18h’  ^ and that Dcrit was found to be higher than this value. It 
was suggested that this was due to wall growth or to the organism adapting more favourably to the 
culture conditions. However, it is suggested that this difference may reflect the inaccuracies of 
calculating the maximum specific growth rate from log plots. As mentioned previously curve fitting 
procedures, which reflect trends more accurately, yielded higher estimates of the maximum specific 
growth rate than those obtained using log plots. Sikyta et al (1961) also examined the nitrogen 
content of the biomass in carbon and nitrogen limiting cultures, it was found that nitrogen limitation 
resulted in a lower proportion of nitrogen in the mycelium (11.5% in carbon limited conditions 
compared to between 8.5 and 11% in nitrogen limited conditions.) This observation is in agreement 
with the findings of Neijssel and Tempest (1979).
Erythromycin was previously reported to be a growth linked product (Trilli et ai 1987, and Trilli 
1990). Trilli et al (1987) reported growth linked product formation from a phosphorous limited 
chemostat. However, the evidence for the nature of the nutrient limitation was not presented. When 
the amounts of carbon, nitrogen, and phosphorous were calculated in tlie medium used by Trilli et al 
(1987) and in PLl.F is was found that Trilli's medium contained twice the concentration of 
phosphorous together with a lower concentration of carbon than was used with PLl.F (Table 34).
152
Table 34 Comparison of Nutrient Composition in PL1 .F and the Medium 
Used by Triili et al (1987)
Trilli et a / (1987) PLl.F
Carbon 11.63g 14g
Nitrogen 2 .1 2 g 1.84g
Phosphorous 0 .057g 0.023g
Thus it would seem unlikely that phosphorous was the sole limiting nutrient in Trilli’s experiments. 
Nitrogen limited growth was also suggested to give rise to growth linked production of 
eiythromycin (Trilli, 1990). Unfortunately, these results have not been published in detail.
Oxytetracycline production by Streptomyces rimosus was investigated by Rhodes (1984), It was 
found that phosphorous was a strong inhibitor (or repressor) of the antibiotic. A phosphorous limited 
chemostat revealed that a complex relationship existed between the specific rate of oxytetracycline 
production and the specific growth rate when growth was solely limited by phosphorous. It was 
found that the same relationship existed for the specific rate of nitrogen uptake (suggesting a link 
between these two?). Dual limitations of carbon and phosphorous, and nitrogen and phosphorous 
both exhibited growth linlced production of the antibiotic. It was concluded that growth rate was the 
most important regulator of the specific production rate of oxytetracycline in the conditions 
examined.
Gray and Bhuwapathanapun (1980) reported a complex relationship between tylosin production and 
growth in Streptomyces fradiae. Tylosin production was observed at specific growth rates lower 
than 0.06h"\ At these low growth rates it was found that the specific rate of tylosin production was 
a function of the specific growth rate, passing through a maximum at a growth rate of 0.017h"\ This 
dilution rate was used to examine the effects of altering the concentrations of the carbon, nitrogen 
and phosphorous sources on the specific rate of antibiotic production. The data obtained was used to 
formulate a new medium which was found to support higher yields of antibiotic and shifted the 
maximum in the specific production rate to a dilution rate of 0.03h"\ Thus, Gray and
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Bhuwapathanapun (1980) concluded that the production of tylosin was not necessarily non-growth 
associated.
Cephamycin C and thienamycin production by Streptomyces cattleyti were shown to be inversely 
related to growth rate by Lilley et al (1981). Cephamycin C was produced at low growth rates in 
carbon (glucose), nitrogen (ammonium), and phosphorous (phosphate) limited chemostats. In all 
three cases, specific antibiotic production rate increased with decreasing growth rate. Thienamycin 
production was similarly found to be inversely related to growth rate. However, significant 
production was only achieved from phosphorous limited cultures. Lilley et al (1981) concluded that 
thienamycin was a phosphate regulated product, optimally produced at low dilution rates in 
chemostat culture, whereas Cephamycin C production was chiefly growth rate regulated and 
occurred optimally at low dilution ra^s in chemostat culture.
From these studies and from the work presented here, it is clear that the nature of the relationship 
between growth and product foimation changes according to the environment and is not a fixed 
feature.
The work presented here using the nitrogen limited media suggests that a nitrogen mediated 
mechanism deteimines the timing of antibiotic biosynthesis in Saccharopolyspora erythraea. The 
specific rate of nitrogen uptake and the specific rate of protein synthesis appear promising 
candidates for this nitrogen mediated control mechanism. A much more detailed study is required to 
elucidate the important control mechanisms involved the regulation of antibiotic biosynthesis. The 
rate of protein synthesis could be obtained directly by measuring the incoiporation of a radioactively 
labelled amino acid.
Carbon and phosphate levels deteimine the yields of antibiotic obtained, rather than the timing ol 
antibiotic production. Hence they appear to regulate the activity of the antibiotic producing enzymes 
once they are formed (the low yields of antibiotic obtained in nitrogen limiting conditions may 
reflect suppression by the relatively high levels of carbon and phosphate).
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9.2 Modelling of Chemostat Biomass and Antibiotic Data
To test the hypothesis that erythromycin was feedback inhibiting its own production, a commercial 
modelling package. Regression, (Blackwell Scientific Software, BSP, Oxford, 1989) was used. 
Regression is a LabTooIs® utility for fitting non-linear functions to data. Pin (1975) defined the 
expected kinetics for non-competitive inliibition by a growth linked product as follows;
|x = PjjjS/a(s + kg) where a  = 1 + p/kj
substituting in a  gives :
|Li = jLi^s/ s + p/k-s + kg + p/kj kg
and reaiTanging gives:
s + p/kjS + kg + p/kjkg= p ^ s /p
multiplying throughout by kj:
kjS + ps + kgk. + pkg = Pj^skj/p
simplifying:
s(p + kj) + kg (kj + p) = p^skj/p  
(s + kg) (kj + p) = p^skj/p
thus:
p = p ^ s k j / ( s  + kg)(ki + p)
For the modelling, the model had to be expressed with two variables per equation. Therefore, the 
following substitution was made to examine the effects of different dilution rates on product 
formation:
s = Sj, - p /  y^yg where s  ^is the intial concentration of nitrate.
This gave:
H = (M-rnkjCSr - P/Xp/P) /  %  + (s, - p/yp/P) (kj + p)) 
which was used in the modelling package. A simplex search algorithm was used to obtain the model 
parameters.
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s = 1.736g/l was given as a consiani. The variables were p and p, and ihe parameters found were
p k;, k„. and The cui*ve fit very well with the sum of the squares equalling 3.3857 x 10 rn 1 s p/ s
(this is the squares of the deviations). The values generated were:
p ^  = 0.0617h'^ 
kj = 1.2010pg/ml
kg = 0.0166gA
yp/5= 1.8585 X 10-V g  
Figures 85 and 86 show the fit obtained from the model.
Figure 85 Curve Fit Obtained in the mu v p Model
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Figure 86 Residuals Obtained from the mu v p Curve Fit
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Pirt (1975) also defined a relationship between biomass and growth rate as follows:
when s was larger than k^. He proposed a plot of x against 1/D would give a straight line will: a 
gradient of M-m^x/s^Ap/s intercept of -yx/s^^i^yp/s biomass axis, and an intercept on
the 1/D axis of (Figure 87). The estimates obtained using linear regression are:
•1y = 0.064X - 0.776 r = 0.9985 p ^ =  0.082h
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Figure 87 A Plot of Biomass against Reciprocal Dilution Rate
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The intercept on the x axis is 1/Dciit. Linear regression gave the equation x = 0.064.(1/0) - 0.776. The 
correlation coefficient = 0.9985. Dcrit = 0.082h"^.
The modelling package was also used to test this relationship which removed the need for a reciprocal 
plot. Estimates of all the individual parameters were also obtained. The variables were: |x and x and the 
parameters estimated were k>, k^, and y^y^. The sum of the squares was 0.27545. The values 
generated were:
|ij„ = 0.0689h"‘
k. = 1.9176|ig/ml
kg = 0.01161g/l
Yx/s = 0.9928g/g
-3,ypyx= 1.9800x10"%
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Figures 88 and 89 show the fit obtained from the model. The differences obtained between the two 
models probably reflect the inaccuracies in the data.
Figure 88 Curve Fit obtained from mu v x Model
|r
5 h
Model;
x=((nmax.Yx.Ki)/(Yp.n))-((Yx.KI)A'p)
0.01
I I
0.02 0.03 0.04 0.05 0.06
159
Figure 89 R esiduals Obtained from the mu v x Curve Fit
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Thus it was illustrated that the kinetics observed were the same as those predicted for non-competitive 
inhibition by a growth linked product. The different values obtained from the two models reflect the 
experimental error, although they are in close agreement (Table 35).
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Table 35 Comparison of Growth Parameters Obtained from the Modei
Model mean o
mu v p mu V X
kjpg/ml 1.2010 1.9176 1.5593 0.3583
kgQ/l 0.0166 0.0116 0.0141 0.0025
0.0617 0.0689 0.0653 0.0036
^p/s 0.0018585
^x/s 0.9928
^p/x 0.001980
measured
0.082 (Pirtx V 1/D)
0.00151 (linear regression)
The maximum specific growth rate estimate obtained from the reciprocal plot (Figure 87) was similar to 
that proposed by the model. The yield of product from biomass obtained from the model agreed closely 
with that obtained from linear regression (Table 35).
To test the theory that erythromycin was inhibiting S.erythraea, CLl was made up containing 50pg/ml 
of erythromycin. Growth in the presence of eiythromycin was compared to a control lacking the 
antibiotic. Should erythromycin be causing the repression the kinetics of growth and product formation 
obsei'ved from carbon limited flasks should resemble those obtained from nitrogen limitation. Samples 
were taken for dry weight and antibiotic detenninations.
Results
No difference was obsei'ved in the growth cui'ves of the organism, and erythromycin production was 
similar in the control and test flasks (allowing for the 50pg/ml of added antibiotic) (Table 36 and Figure 
90).
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Table 36 Growth of S.etythraea in the Presence of Erythromycin
T ime (hrs) CLl control flask CL1 + 50pg/m l erythromycin
m ean of duplicates m ean of duplicates
x g /l ab fig/ml X g/l ab pg/ml produced
14 0.25 0 0.19  0
21 0.43 0.06 0.41 0
37 .5 3.1 ^  1.05 3 .64  0
41 .5 5.92 8.53 5.23 15.3
45 6 .47 17.50 5.55  18.62
61 5.99 8 .96 5.55  9 .13
Discussion
It is possible that eiythromycin was not able to penetrate the cells of S.erythraea. The intracellular 
concentration of erythromycin will determine the inhibitory effect. Another possibility is that a 
precursor to erythromycin or some product formed during a side reaction of the biosynthetic pathway 
caused the inhibition observed. Erythromycin A has been reported to cause feedback inhibition of 
S.erythraea (Corcoran, 1981). Unfortunately, time was not available to expand on this work. Protoplasts 
could alleviate any problems due to uptake of the antibiotic, and a detailed knowledge of the 
biosynthesis of erythromycin would be required to look at side reactions in end products likely to cause 
inliibition. The possibility that some other growth linlced product totally unconnected to erythromycin 
production is causing the inhibition of eiythromycin formation cannot be ruled out.
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Figure 90 Growth of S.erythraea In the Presence of Erythromycin
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9.3 Conclusions for Part 2
Defined media were developed which supported good growth yields and enabled carbon, nitrogen, and 
phosphorous limited growth to be examined (Section 7.1).
The use of curve fitting procedures made the determination of the growth product formation relationship 
much easier as the required specific rates for growth and antibiotic production could be obtained from 
batch data (Section 7.2.3).
Erythromycin production was a growth linked process in nitrogen limited conditions, whether an 
inorganic or organic nitrogen source was used. It was a non-growth linked process in carbon or 
phosphorous limited conditions, regardless of whether the nitrogen source was organic or not (Section 
7.2.3).
Carbon repression was observed in phosphorous Umited conditions but not in nitrogen limited 
conditions.(Section 7.3)
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Energy charge and ribosomal efficiency appear to correspond to specific growth rale rather than to 
antibiotic production, although the rate of protein synthesis appears a promising candidate in 
determining the initiation of antibiotic production (Section 9.1.5).
There was some indication that a growth linked product (possibly erythromycin) is a non-compclilivc 
inhibitor of Sacchawpolyspora erythraea (Section 9.1).
It is hoped that the study performed here will provide a base from which further investigations may 
proceed.
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Appendix 1 Listing of the Partial Cubic Spline Computer 
Program
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L . 5MODEO6*CAT
1ODIMX(2 0 ) , Y(2 0 ) , DY( 2 0 ) , A ( 2 0 ) , B (2 0 ) , C ( 2 0 ) , D ( 2 0 ) , s l o p e ( 3 0 0 )  
20DIM R ( 2 0 ) , R 1 ( 2 0 ) , R 2 ( 2 0 ) , T ( 2 0 ) , T 1 ( 2 0 ) , U ( 2 0 } , V ( 3 0 0 ) , J ( 3 0 0 )
2 8 i NPUT^NAME OF DATA F I L E , "  F I LE$50D=OPENIN FI LE$
60I NPUT£D, N2  
70PRINT"ENTER X , Y s "
80FOR R=1 TO N29 0 I N P U T £ D , X ( R ) , Y ( R )
l OOI F  Y ( R ) “ 0 THENY( R )= 0 . 0 0 0 1  
1 1 0 I F R = 1  THEN 140 
1 2 0 I F X ( R ) > X ( R - 1 )  t h e n  140  
130PRINT"NOT ALLOWED" GOTO 90  
140 NEXT R 
150CLOSE£0
1 6 0 N 1 = 1 : INPUT "SMOOTHING FACTOR" , S
170I NPUT " F I T  FACTOR" , f i t
175 FOR 1=1 TO N 2 ; D Y ( I ) = Y ( I ) / f i t : N E X T
180M1=N1“ 1
190M2=N2+1
2 0 0 R ( M 1 ) = 0
2 1 0 R ( N 1 ) = 02 2 0 R 1 ( N 2 ) = 0
2 3 0 R 2 ( N 2 ) = 0
2 40 R 2 { M 2 ) = 0
2 50 U ( M1 ) = 0
2 6 0 U ( N 1 ) = 0
2 7 0 U ( N 2 ) = 0
2 8 0 U ( M2 ) = 0
2 9 0P = 0
300M 1=N1+1
310M2=N2- 1
3 2 0 H = X ( M 1 ) - X ( N 1 )
3 3 0 F = ( Y ( M 1 ) - Y ( N 1 ) ) / H  
340FO R 1= Ml TO M2 
350G=H
3 6 0 H = X ( I f l ) - X ( I )
3 7 0 E = F
3 8 0 F = ( Y ( I + 1 ) - Y ( I ) ) / H
3 9 0 A ( I ) = F - E
4 0 0 T ( I ) = 2 * ( G + H ) / 3
4 1 0 T l ( I ) = H / 3
4 2 0 R 2 ( I ) = D Y ( I - 1 ) / G
4 3 0 R ( I ) = D Y ( I + 1 ) / H
4 4 0 R 1 ( I ) = - D Y ( I ) / G - D Y ( I ) / H
450NEXT
460FO R 1= Ml TO M2
4 7 0 B ( I ) = R ( I ) * R ( I ) + R 1 ( I ) * R 1 ( I ) + R 2 ( I ) 4 : R 2 ( I )
4 8 0 C ( I  ) =R( I )  *R1 ( I  + D + R l  ( I  ) *B2 ( I - M  )
4 9 0 D ( I ) = R ( I ) H c R 2 ( I  + 2 )
500NEXT
5 1 0 F 2 = - S
520FO R 1= Ml TO M2 
5 3 0 R 1 ( I - 1 ) = F * R ( I - 1 )
5 4 0 R 2 ( I - 2 ) = G * R ( I - 2 )
5 5 0 R ( I ) = l / ( P * B ( I ) + T ( I ) - F * R l C l - l ) - G * R 2 ( I - 2 ) ) 
5 6 0 U ( I ) = A ( I ) - R 1 ( I - 1 ) * U ( I - 1 ) - R 2 ( I - 2 ) * U ( l - 2 )
5 7 0 F = P * C ( I ) + T l ( I ) - H * R l ( I - l )
580G=H
5 9 0 H = D ( I ) * P
600NEXT
610FO R I=M2 TO Ml STEP - 1
6 2 0 U ( I ) = R ( I ) * U ( I ) - R 1 ( I ) * U ( I - H  ) - R 2 ( I ) * U ( I + 2 )
630NEXT 
A4nF=0
660FOR I=N1 TO M2 
670G=H
6 8 0 H = ( U ( I + l ) - U ( I ) ) / { X { I + l ) - X ( I ))
6 9 0 V ( I ) = ( H - G ) * D Y ( I ) * D Y ( I )
7 0 0 E = E + V { I ) * ( H - G )
710NEXT
7 2 0 V ( N 2 ) = - H * D Y ( N 2 ) * D Y ( N2 )
7 3 0 G = V ( N 2 )
740E=E-G*H
750G=F2
760F2= E*P*P
7 7 0 I F  F2>=S OR F2<=G THEN 910 
780F=0
7 9 0 H = ( V ( M 1 ) - V ( N l ) ) / ( X ( M l ) - X ( N l ) )
800FOR 1= Ml TO M2 
810G=H
8 2 0 H = ( V ( I + 1 ) - V ( I ) ) / ( X ( I + l ) - X ( I ) )  
8 3 0 G = H - G - R l ( I - l ) * R ( I - l ) - R 2 ( I - 2 ) * R ( I - 2 )
8 4 0 F = F + G* R ( I  ):KG 
8 5 0 R ( I ) = G  
860NEXT 
870H = E -P *F
8 8 0 I F  H <= 0 THEN 910  
8 90P=P+ ( S -F 2  ) /  ( ( SQR( S /E  ) +P ) ’HR )
^ Î S ^ S r ^^I^n Î  TO N2 
9 2 0 A ( I ) = Y ( I ) - P * V ( I )
9 3 0 C ( I ) = U ( I )
940NEXT
950FOR I=N1 TO M2 
9 6 0 H = X ( I + 1 ) - X { I )
9 7 0 D ( I ) = ( C ( I + 1 ) - C ( I ) ) / ( 3 * H )
9 8 0 B ( I ) = ( A ( I + 1 ) - A ( I ) ) / H - ( H * D ( I ) + C ( I ) ) * H  
990NEXT 
lOOOCLS 
1 0 1 0 J= 0
1020FOR I  = 1 TO N2
1030FOR XX=X(I )  TO X ( I + l ) - X ( N 2 ) / 3 0 0  STEP X ( N 2 ) / 3 0 0
1 0 3 5 J = J + 1 : I F  J>  300  THEN 1060
1040H= XX- X( I )
10 5 0  V ( J )  = ( X ^ ) + H )  : J ( J )  = ( ( ( D ( I ) * H + C ( I )  ) * H + B ( I )  ) * H + A ( I )  ) 
1060NEXT,
2 0 0 0  INPUT QUE 
2010MODE1
2 0 2 0 V D U 1 9 , 3 , 6 , 0 , 0 , 0  
2 0 3 0  M OV E100,100 
2040PROCMAX 
2050YMAX=0
2060FORI =2  T 0 3 0 0 : I F J ( I ) > Y M A X  THEN 2 3 0 0
2 0 7 0  NEXT
2075PROCYMAX
2 0 8 0 PROCaxe s ( XMAX, YMAX)
2160FO RI=2TO  J - 1  
2 1 7 0 0 = 2
2 1 8 0 P R 0 C p l o t ( V ( I ) , J ( I ) , C , I , Y M A X )
2 1 9 0 s l o p e { I ) = ( J ( I ) - J ( I - l ) ) / ( V ( I ) - V ( I - l ) ) : I F  J ( I ) = 0  THEN 2 2 2 0
2 2 0 0 I F  s l o p e ( I ) < 0  THEN 2 2 2 0
2 2 1 0  P R 0 C p l o t ( V ( I ) , 1 5 * s l o p e ( I ) , 0 - 1 , 1 , YMAX)
2220NEXT
2 2 3 0 GC OL 0 , l
2240VDU52250FORR=1TON2: MOVE(82+X(R) / XMAX*1087) , ( 108+Y( R) *720 / YMAX)  
2260PRINT">K"
2270NEXT
2280PR O O end
2290END
2 3 0 0 Y M A X = I N T ( J ( I ) + 1 ) :GOTO20 70 
2310D E F P R O O a x e s ( XMAX, YMAX)
- o  o  r > T T P i  .  t  t t t p o  T T G T M n  « \ T 1 ♦ ' *  FtTTnPTTT? PDT.Y"______________________________
2 3 4 0 P R I N T " I N P UT  P FOR PRINTOUT"
2 3 5 0 P R I N T "  N FOR DIFFERENT 0 OF POLY"
2 3 6 0 P R I N T "  M TO EXIT TO MENU"
2370MOVE100 , 8 2 0  : DRAWlOO, 1 0 0  : DRAW 12 7 9 , 1 0 0  
2 3 8 0 V D U 2 8 , 0 , 5 , 3 9 , 0  
23 90VDU5: FORI =0TO10
2 4 0 0 X = 1 0 0 + 1 1 0 * 1 :MOVEX,1 0 0 : DRAW X , 90 
2410Y=100+70*I - . MOVE 100 , YiDRAW 9 0 ,  Y 
2 4 2 OMOVE X - 2 0 , 3 0  : PRINT ; I*XM AX /10 
2430MOVE 0 , Y + 1 0 : PRINT ; I * Y M A X / 1 0 : NEXT I  
2440MOVE100 , 1 0 0  
2 4 5 0  Y=0 
2460ENDPROC
2 4 7 0  DEF P R O C p l o t ( X , Y , C , I , YMAX)
2480GCOL0, C
2 4 9 0  P L O T 6 9 , ( 1 0 0 + X/ XMAX * 1 0 8 7 ) , ( 1 00+ Y*720 / YMAX)
2 50 0  ENDPROC
2510D E FPR O C end
2520CLOSE£0
2 5 3 0 I NP U T  X$
2 5 4 0 I F  X $ = " P "  THEN *GIMAGE EPC T H&170 V&170
2 5 5 0 I F  X$="N"  THEN ENDPROC
2560ENDPROC
25 70DEFPROCMAX
2 5 8 0  XMAX=I NT( X( N2) )
2590REPEAT
2600XMAX=XMAX+1
2610UNTI L XMAX/1 0 = I N T ( XMAX/1 0 )
2620ENDPROC
3000DEFPROCYMAX
3010REPEAT
3020YMAX=YMAX+1
3030UNTI L YMAX/2 = INT(YMAX/2 )
3040ENDPROC
>
Appendix 2 Energy Charge
It should be mentioned that the methods used for the detection of adenine nucleotides may not rcllcct 
the true levels within the cells. The extraction procedure required many manipulations to be pcrfonncd 
as all traces of the medium had to be removed from the cells before they could be lyscd and used in the 
assay. This was performed by centrifugation, rinsing and respinning. Subsequent investigations have 
shown that collecting the biomass on a membrane filter (0.45jlm) and rinsing prior to scraping the 
biomass off is much faster and resulted in higher energy charge values. Although the estimates obtained 
here may not reflect the true values, all the samples were processed in the same way and should be 
comparable with one another.
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Appendix 3 Image Analysis
Image analysis provides a way of measuring objects that are difficult to measure by conventional means. 
The objects are defined as either live or stored objects. Live objects must be scanned with a TV style 
camera. Examples of live objects would include microscope slides and photographs. Stored objects arc 
those obtained from videos or electron microscopes, which do not need to be scanned by a camera.
M icroscope slides  
or photographs
TV
cam era
--------------------------- ------------------ —
— ^ ADC -----------^ Comparator | ► detected
im age
SEM or 
video Threshold
The ADC or Analogue Digital Convertor produces a binary image of the object. The comparator allows 
the image to be compared to the standards dictated. For example, the threshold set will determine what 
is detected and what is rejected. The detected image is then held in a binary array for further 
manipulation. Some modification may be necessary. For example, editing the image through the use of a 
light pen will allow the removal of unwanted features. After the image has been detected and modified, 
it is measured. There are two types of measurement: a field measurement and a feature measurement. A 
field measurement gives the sum of all the detected features, whereas a feature measurement gives the 
individual parameters of a feature.
i m w ; k
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A listing of the program used follows, preceded by a summary of its commands :
Summary of Commands Used in the Listing
SUBRTN STANDARD A standard routine that sets up and tuns the machine 
Calibrate Converts pixels to real measurements
Detect Sets a threshold for what is to be detected
Edit Allows the removal of background noise, and the
addition of lines etc.
Fill holes Ensures that any hole suirounded by a complete
perimeter of detected pixels will be filled. (As the 
colony surface was not uniform, areas of the colony 
were not detected unless this command was used.)
The Listing
Scanner (No.2 NewVicon Auto__brightness Sens=1.21 
SUBRTN STANDARD
Calibrate Non-microscope (cal value = 0.05219 mm per pixel) 
Detect 2D (Lighter than 61 pause)
Edit (pause)
Image transfer from binaryB (fill holes) to binary output 
Edit (pause)
Measure field - Parameters into array fieldl 
print fieldl area, ""colony area""
End of program
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Appendix 4 Listings of Mu Values from Partial Cubic 
Spline Fits to the Time Studies Performed in Shake 
Flasks
170
Estimates of Mu Obtained From a Partial Cubic Spline Fit to the Biomass 
Data from the Carbon limited Time Study in Shake Flasks. (Medium CL1)
TIME
7.980000
X
0.179592
MU
0.075009
"/.MUM AX 
50.592098
8.460000 0.186209 0.074027 49.929753
8.940000 0. 1931*26 0.074622 50.330707
9.420000 0.200495 0.076569 51.644229
9.900000 0.208466 0.079656 53.726138
10.380000 0.217189 0.083672 56.435337
10.860000 0.226814 0.088413 59.632849
11.340000 0.237493 0.093676 63.182723
11.820000 0.249376 0.099268 66.954247
12.300000 0.262612 0.105007 70.824827
12.780000 0.277353 0.110727 74.683019
13.260000 0.293749 0.116284 78.431184
13.740000 0.311950 0.121557 81.987434
14.220000 0.332108 0.126448 85.286659
14.700000 0.354371 0.130887 88.280589
15.180000 0.378892 0.134825 90.936987
15.660000 0.405819 0.138237 93.238146
16.140000 0.435305 0.141115 95.178916
16.620000 0.467498 0.143465 96.764493
17.100000 0.502550 0.145309 98.008168
17.580000 0.540612 0.146675 98.929190
18.060000 0,581832 0.147596 99.550853
18.540000 0.626363 0.148112 99.898862
19.020000 0.674354 0.148262 100.000000
20.460000 0 . 6 9 8 6 9 2 t.). 14 4 (J 3 9 1 . 7 1 6 0 2 9
20.940000 0.751701 0.146914 94.621563
21,420000 0.810156 0.150317 96.813444
21.900000 0.874250 0 . 1 5 2 7 3 7 9 8 . 371996
22.380000 0.944130 0.154299 99.377817
23.000000 1.043456 0.153455 98.834103
23.480000 1.127484 0.155265 100.000000
23.960000 1.217954 0.154751 99.669341
24.440000 1.315029 0.153791 99.050699
24.920000 1.418871 0.152471 98.200607
25.400000 1.529641 0.150866 97.167189
25.880000 1.647502 0.149040 95.991019
26.360000 1.772616 0.147045 94.706029
26.840000 1.905146 0.144925 93.340391
27.320000 2.045252 0.142715 91.917353
28.000000 2.257023 0.137982 88.868741
28.480000 2.415835 0.136954 88.206457
28.960000 2.581120 0-133409 85.923486
29.440000 2.751384 0,128923 83.034278
29.920000 2.925132 0.123746 79.700104
30.400000 3.100867 0.118069 76.043607
30.880000 3.277096 0.112033 72.156175
31.360000 3.452323 0.105742 68.104308
32.000000 3.681815 0.097393 62.726823
32.480000 3.849042 0.090513 58.296052
32.960000 4.011201 0.084222 54.244384
33.440000 4.167718 0.078239 50.390531
33.920000 4.318016 0.072515 46.704106
34.400000 4.461520 0.067010 43.158348
34.880000 4.597652 0.061686 39.729344
35.360000 4,725838 0.056509 36.395399
35.840000 4.845501 0.051449 33.136507
' - \ c .  o-.*rw'w’w"» 4 0.046477 29.933898
37 . oo<:>ooo 5 . (.195999 (.1. ( j 4 v 3 8 2 2 6 .  V(.'629L'
3 7 . 4 8 0 0 0 0 5 . 1 8 2 3 7 5 0 . 0 3 4  7 23 iL j "h ^
3 7 . 9 6 0 0 0 0 5 .2 5 8 7 5 1 0 . 0 3 0 2 5 8 1 9 . 4 8  7741
3 8 . 4 4 0 0 0 0 5 . 3 2 5 6 1 9 0 . 0 2 6 1 5 8 1 6 . 8 4 / 5 0 5
3 8 . 9 2 0 0 0 0 5 . 3 8 3 4 7 1 0 . 0 2 2 3 0 8 1 4 . 4 1 9 1 1 5
3 9 . 4 0 0 0 0 0 5 . 4 3 2 7 9 7 0 . 0 1 8 9 1 5 1 2 . 1 3 2 6 0 7
3 9 . 8 8 0 0 0 0 5 . 4 7 4 0 8 9 0 . 0 1 5 7 1 5 1 0 . 1 2 1 4 3 6
4 0 . 3 6 0 0 0 0 5 . 5 0 7 8 3 9 0 . 0 1 2 7 6 6 8 . 2 2 1 9 0 3
4 0 . 8 4 0 0 0 0 5 . 5 3 4 5 3 7 0 . 0 1 0 0 5 0 6 . 4 7 2 7 1 1
4 1 . 3 2 0 0 0 0 5 . 5 5 4 6 7 5 0 . 0 0 7 5 5 3 4 . 8 6 4 5 9 8
4 1 . 8 0 0 0 0 0 5 . 5 6 8 7 4 4 0 . 0 0 5 2 6 4 3 . 3 9 0 0 5 1
4 2 . 2 8 0 0 0 0 5 . 5 7 7 2 3 7 0 . 0 0 3 1 7 2 2 . 0 4 3 0 6 6
4 2 . 7 6 0 0 0 0 5 . 5 8 0 6 4 3 0 . 0 0 1 2 7 2 0 . 8 1 8 9 4 7
4 3 . 2 4 0 0 0 0 5 . 5 7 9 4 5 4 <0
4 3 . 7 2 0 0 0 0 5 . 5 7 4 1 6 2 <0
4 4 . 2 0 0 0 0 0 5 . 5 6 5 2 5 8 < 0
4 4 . 6 8 0 0 0 0 5 . 5 5 3 2 3 3 < 0
4 5 . 1 6 0 0 0 0 5 . 5 3 8 5 7 9 <0
4 5 . 6 4 0 0 0 0 5 . 5 2 1 7 8 7 <0
4 6 . 1 2 0 0 0 0 5 . 5 0 3 3 4 8 <0
4 7 . 0 0 0 0 0 0 5 . 4 6 6 8 9 7 < 0
4 7 . 4 8 0 0 0 0 5 . 4 4 6 4 0 0 <0
4 7 . 9 6 0 0 0 0 5 . 4 2 5 7 7 6 <0
4 8 . 4 4 0 0 0 0 5 . 4 0 5 1 5 1 <0
4 8 . 9 2 0 0 0 0 5 . 3 8 4 6 5 3 <0
4 9 . 4 0 0 0 0 0 5 . 3 6 4 4 0 9 <0
4 9 . 8 8 0 0 0 0 5 . 3 4 4 5 4 6 <0
5 0 . 3 6 0 0 0 0 5 , 3 2 5 1 9 2 <0
5 0 . 8 4 0 0 0 0 5 . 3 0 6 4 7 3 <0
5 1 . 3 2 0 0 0 0 5 . 2 8 8 5 1 7 < 0
5 1 . 8 0 0 0 0 0 5 . 2 7 1 4 5 1 <0
5 2 . 2 8 0 0 0 0 5 . 2 5 5 4 0 2 <0
5 2 . 7 6 0 0 0 0 5 . 2 4 0 4 9 7 <0
5 3 . 2 4 0 0 0 0 5 . 2 2 6 8 6 4 <0
5 3 . 7 2 0 0 0 0 5 . 2 1 4 6 2 9 <0
5 4 . 2 0 0 0 0 0 5 . 2 0 3 9 1 9 <0
-c- .H r at'\r\rM'y ^ 10..1DC':' (■)
Estimates of Mu Obtained From a Partiai Cubic Spline Fit to the Biomass 
Data from the Nitrogen limited Time Study in Shake Fiasks: (Medium 
NL1)
3 8 . 5 3 0 0 0 0 0 . 8 5 3 8 2 3 0 . 0 4 8 4 5 0 41. - 9 3 4 1 3 7
3 9 . 0 6 0 0 0 0 0 . 8 7 6 1 2 2 0 . 0 4 8 0 2 2 4 1 . 5 6 3 5 8 1
3 9 . 5 9 0 0 0 0 0 . 8 9 9 1 6 8 0 . 0 4 8 3 6 0 4 1 . 8 5 6 0 3 8
4 0 . 1 2 0 0 0 0 0 . 9 2 3 3 3 6 0 . 0 4 9 3 8 6 4 2 . 7 4 3 8 1 9
4 0 . 6 5 0 0 0 0 0 . 9 4 8 9 9 9 0 . 0 5 1 0 2 3 4 4 , 1 6 0 8 7 2
4 1 . 1 8 0 0 0 0 0 . 9 7 6 5 3 1 0 . 0 5 3 1 9 6 4 6 . 0 4 1 3 1 3
4 1 , 7 1 0 0 0 0 1 . 0 0 6 3 0 6 0 . 0 5 5 8 2 7 4 8 . 3 1 8 6 5 7
4 2 . 2 4 0 0 0 0 1 . 0 3 8 6 9 7 0 . 0 5 8 8 3 9 5 0 . 9 2 5 6 6 9
4 3 . 0 0 0 0 0 0 1 . 0 9 0 4 5 8 0 . 0 6 2 4 5 7 5 4 . 0 5 6 9 6 5
4 3 . 5 3 0 0 0 0 1 . 1 3 0 7 9 7 0 . 0 6 7 3 0 7 5 8 . 2 5 5 1 3 2
4 4 . 0 6 0 0 0 0 1 . 1 7 5 1 3 5 0 . 0 7 1 1 8 9 6 1 . 6 1 5 0 6 4
4 4 . 5 9 0 0 0 0 1 . 2 2 3 9 4 6 0 . 0 7 5 2 4 5 6 5 . 1 2 5 3 1 9
4 5 . 1 2 0 0 0 0 1 . 2 7 7 7 0 3 0 . 0 7 9 3 8 2 6 8 . 7 0 6 3 4 1
4 5 . 6 5 0 0 0 0 1 . 3 3 6 8 7 8 0 . 0 8 3 5 1 6 7 2 . 2 8 4 2 4 1
4 6 . 1 8 0 0 0 0 1 . 4 0 1 9 4 5 0 . 0 8 7 5 7 0 7 5 . 7 9 2 3 3 5
4 6 . 7 1 0 0 0 0 1 . 4 7 3 3 7 6 0 . 0 9 1 4 7 5 7 9 . 1 7 2 3 4 4
4 7 . 2 4 0 0 0 0 1 , 5 5 1 6 4 6 0 . 0 9 5 1 7 5 8 2 . 3 7 5 2 3 5
4 7 . 7 7 0 0 0 0 1 . 6 3 7 2 2 6 0 . 0 9 8 6 2 6 8 5 . 3 6 1 6 0 2
4 8 . 3 0 0 0 0 0 1 . 7 3 0 5 9 1 0 . 1 0 1 7 9 2 8 8 . 1 0 1 6 3 0
4 8 . 8 3 0 0 0 0 1 . 8 3 2 2 1 3 0 . 1 0 4 6 4 9 9 0 . 5 7 4 6 6 1
4 9 . 3 6 0 0 0 0 1 . 9 4 2 5 6 5 0 . 1 0 7 1 8 4 9 2 . 7 6 8 4 6 9
4 9 . 8 9 0 0 0 0 2 . 0 6 2 1 2 0 0 . 1 0 9 3 9 0 9 4 . 6 7 8 2 9 6
5 0 . 4 2 0 0 0 0 2 . 1 9 1 3 5 1 0 . 1 1 1 2 7 1 9 6 . 3 0 5 7 6 8
5 0 . 9 5 0 0 0 0 2 . 3 3 0 7 3 2 0 . 1 1 2 8 3 3 9 7 . 6 5 7 7 6 4
5 2 . 0 0 0 0 0 0 2 . 6 3 8 6 8 9 0 . 1 1 1 1 5 1 9 6 . 2 0 2 0 6 2
5 2 . 5 3 0 0 0 0 2 . 8 1 0 8 1 0 0 . 1 1 5 5 3 9 1 0 0 - 0 0 0 0 0 0
5 3 . 0 6 0 0 0 0 2 . 9 9 3 0 2 6 0 . 1 1 4 8 6 8 9 9 . 4 1 9 5 3 8
5 3 . 5 9 0 0 0 0 3 . 1 8 3 8 7 1 0 . 1 1 3 0 9 6 9 7 . 8 8 6 0 1 1
5 4 . 1 2 0 0 0 0 3 . 3 8 1 8 7 9 0 . 1 1 0 4 7 1 9 5 . 6 1 3 8 4 6
5 4 . 6 5 0 0 0 0 3 . 5 8 5 5 8 4 0 . 1 0 7 1 9 3 9 2 . 7 7 6 8 7 7
5 5 . 1 8 0 0 0 0 3 . 7 9 3 5 2 3 0 . 1 0 3 4 2 3 8 9 . 5 1 3 4 0 1
55. * 4. .'('42.13 d9284 85. !t3162(:'
56. ::4000<-) 4 . 216235 0.094874 8 _. 114819
56.7 70000 4.428078 0.090266 78.125957
57. 3000(xj 4 . 6 j 8.-'9 J 0.085512 ■^4.011 552
5 ■’. Ù 30':'0(:' 4.3454 I 1 08':'65 2 89. 3048 :
58.360000 5 . 0 4 7 9 7 ) 0.07571 1 65. 5286.8'
53. 89(:)(:)00 5 . 2 4 4 5 0 4 0 . 0 7 0 7 0 6 61.196 75':'
59.4 20000 5.433547 0. ()65645 5 6 . 8 1 6 2 0 8
59.950000 5.613633 0.060529 52.388058
60.480000 5.783297 0.055353 47.908313
6 1 . 0 1 0 0 0 0 5 . 9 4 1 0 7 4 0 . 0 5 0 1 0 7 4 3 . 3 6 8 5 2 0
6 2 . 0 0 0 0 0 0 6 . 1 9 8 8 8 8 0 . 0 4 2 0 1 0 3 6 . 3 6 0 4 6 8
6 2 . 5 3 0 0 0 0 6 . 3 1 5 1 0 4 0 . 0 3 4 7 2 3 3 0 . 0 5 2 7 6 5
6 3 . 0 6 0 0 0 0 6 . 4 1 7 7 2 4 0 X ^ 3 0 1 7 0 2 6 . 1 1 2 3 9 8
6 3 . 5 9 0 0 0 0 6 . 5 0 9 2 4 0 0 . 0 2 6 5 2 7 2 2 . 9 5 9 5 9 1
6 4 . 1 2 0 0 0 0 6 . 5 9 2 1 4 6 0 . 0 2 3 7 2 9 2 0 . 5 3 7 8 2 4
6 4 . 6 5 0 0 0 0 6 . 6 6 8 9 3 5 0 . 0 2 1 7 2 5 1 8 . 8 0 3 4 0 6
6 5 . 1 8 0 0 0 0 6 . 7 4 2 1 0 0 0 . 0 2 0 4 7 5 1 7 . 7 2 1 5 6 4
6 5 . 7 1 0 0 0 0 6 . 8 1 4 1 3 3 0 . 0 1 9 9 4 6 1 7 . 2 6 3 2 2 5
6 6 . 2 4 0 0 0 0 6 . 8 8 7 5 3 0 0 . 0 2 0 1 0 6 1 7 . 4 0 2 2 9 0
6 7 . 0 0 0 0 0 0 7 . 0 0 0 1 3 5 0 . 0 2 1 1 6 6 1 8 . 3 1 9 3 8 0
6 7 . 5 3 0 0 0 0 7 . 0 8 6 4 6 4 0 . 0 2 2 9 8 6 1 9 . 8 9 4 2 0 7
6 8 . 0 6 0 0 0 0 7 . 1 7 7 9 0 7 0 -  0 2 4 0 3 7 2 0 . 8 0 3 8 9 2
6 8 . 5 9 0 0 0 0 7 . 2 7 2 1 4 3 0 . 0 2 4 4 5 0 2 1 - 1 6 1 7 4 4
6 9 . 1 2 0 0 0 0 7 . 3 6 6 8 5 5 0 . 0 2 4 2 5 8 2 0 . 9 9 5 1 3 1
6 9 . 6 5 0 0 0 0 7 . 4 5 9 7 2 4 0 . 0 2 3 4 8 9 2 0 . 3 3 0 3 7 2
7 0 . 1 8 0 0 0 0 7 . 5 4 8 4 3 2 0 . 0 2 2 1 7 3 1 9 . 1 9 1 2 5 3
7 1 . 0 0 0 0 0 0 7 . 6 7 2 0 7 8 0 . 0 1 9 6 5 4 1 7 . 0 1 0 8 4 6
7 1 . 5 3 0 0 0 0 7 . 7 4 0 1 8 0 0 . 0 1 6 6 0 1 1 4 . 3 6 8 2 7 3
7 2 . 0 6 0 0 0 0 7 . 7 9 8 6 9 4 0 . 0 1 4 1 5 7 1 2 . 2 5 2 6 2 5
7 2 . 5 9 0 0 0 0 7 . 8 4 8 0 9 6 0 . 0 1 1 8 7 7 1 0 . 2 7 9 6 8 8
7 3 . 1 2 0 0 0 0 7 . 8 8 8 8 6 5 0 . 0 0 9 7 5 1 8 . 4 3 9 4 3 2
7 3 . 6 5 0 0 0 0 7 . 9 2 1 4 7 9 0 . 0 0 7 7 6 8 6 . 7 2 3 3 8 7
7 4 . 1 8 0 0 0 0 7 . 9 4 6 4 1 4 0 . 0 0 5 9 2 1 5 .  1 2 4 4 3 1
7 4 . 7 1 0 0 0 0 7 . 9 6 4 1 5 0 0 . 0 0 4 2 0 2 3.636621
7 5 . 2 4 0 0 0 0 7 . 9 7 5 1 6 3 0 . 0 0 2 6 0 5 2 . 2 5 5 0 5 0
-ÎET -> -T ilii . r^  OfM 1 --7
76.300000 7.978931 
76.830000 7.97264: 
'^.360000 7.961542
Estimates of Mu Obtained From a Partiai Cubic Spiine Fit to the Biomass 
Data from the Phosphate limited Time Study in Shake Flasks (Medium PL1)
TIME X MU 7.MUMAX
7.380000 0.534721 <0
8.460000 0.574409 <0
8.340000 0.554486 <0
3.420000 0.535147 < 0
3.300000 0.516586 <0
10.380000 0.498997 <0
10.860000 0.482575 <0
11.340000 0.467514 <0
11.820000 0.454010 <0
12.300000 0.442255 <0
12.780000 0.432446 <0
13.260000 0.424776 <0
13.740000 0.413433 <0
14.220000 0.416631 <0
14.700000 0.416546 <0
15.180000 0.419378 0.014068 9.060367
15.660000 0.425322 0.023114 18.751212
16.140000 0.434572 0,044344 28.560434
16.620000 0.447323 0.053384 38.247192
17.100000 0.463769 0.073878 47.582007
17.580000 0.484104 0.087514 56.364317
18.060000 0.508524 0.100044 64.434175
18.540000 0.537222 0.111232 71.678693
19.020000 0.570394 0.121157 78.032795
13.500000 0.608233 0.123608 83.475272
1 ÿ . b'jO'j'jù .  ' 22996 . 1 y'j.
19.930000 0.781319 'J. ] 4-'622 99.5682Uû
20.460000 0.840594 0.146907 39. 08613'%
20.940000 O.903931 0.145976 98.458056
21.420000 0.971481 O .144060 97.705266
21.900000 1.043394 0-143588 96.847142
22.380000 1.119821 0.142185 95.901127
23.000000 1.225463 0.139042 93.780977
23.480000 1.312779 0.138568 93.461233
23.960000 1.404976 0.136712 92.209596
24.440000 1.502077 0.134675 90.835682
24.920000 1.604103 0.132507 89.373046
25.400000 1.711077 0.130247 87.849038
25.880000 1.823022 0.127929 86.285811
26,360000 1.939959 0.125580 84.701189
26.840000 2.061912 0.123220 83.109421
27.320000 2.188903 0.120866 81.521807
28.000000 2.377475 0.116641 78.671938
28.480000 2.516554 0.115137 77.657504
28.960000 2.659672 0.112105 75.612735
29.440000 2.805777 0.108485 73.170997
29.920000 2.953815 0.104412 70.423669
30.400000 3.102734 0.099992 67.442489
30.880000 3.251482 0.095307 64.282808
31.360000 3.399004 0.090420 60.986459
32.000000 3.591975 0.083942 56.617167
32.480000 3.732653 0.078518 52.958709
32.960000 3.869249 0.073548 49.606340
33.440000 4.001360 0.068784 46.393701
33.920000 4.128585 0.064199 43.301122
34.400000 4.250522 0.059766 40.310966
34.880000 4.366771 0.055461 37.407233
35.360000 4.476929 0.051262 34.575223
-Jl.X)47149 31.801253
36.320000 4.677369 0.043103 29.':'7241'.,
37 .oOOOOO 4.801882 0.038132 25.V)9451
37.480000 4.880461 0.033543 22.624393
37.960000 4.951513 0.029895 20. 1635 1. 7
38.440000 5.015374 0.026527 17.891880
38.920000 5.072378 0.023413 15.791628
39.400000 5.122864 0.020531 13.847698
39.880000 5.167165 0.017862 12.047365
40.360000 5.205618 0.015389 10.379878
40.840000 5.238560 0.013101 8.836158
41.320000 5.266326 0.010984 7.408563
41.800000 5.289253 0.009030 6.090686
42.280000 5.307675 0.007231 4.877192
42.760000 5.321930 0-005580 3.763677
43.240000 5.332352 0.004072 2.746556
43-720000 5.339279 0.002703 1.822958
44.200000 5.343046 0.001469 0.990646
44.680000 5.343989 0.000368 0.247933
45.160000 5-342444 <0
45.640000 5.338747 <0
46.120000 5.333234 <0 \
47-000000 5.319525 <0
47- 480000 5.310642 <0
47-960000 5.300938 <0
48.440000 5.290457 <0
48.920000 5.279241 <0
49.400000 5.267333 <0
49.880000 5.254776 <0
50.360000 5.241615 <0
50.840000 5.227890 <0
51.320000 5.213647 <0
51.800000 5.198928 <0
52.280000 5.183776 <0
Appendix 5 Leudeking and Pi ret Model
Leudeking and Piret (1959) described a generalised equation to describe product formation as follows: 
qp=a|X  + P
where a  represents a growth linked and (3 a non-growth linked contribution. Rcanangcment of this for­
mula gives:
(p/x).D= ajx + p
Dividing throughout by D gives:
p/x = a  + p / D
Simultaneous equations can be constructed using pairs of data obtained from the nitrogen limited chc-\
mostat. For example:
0.00276 /  2.81 = a  + p / 0.018 (1)
0.00045 / 0.63 = a  -P p / 0.047 (2)
a  = 0.0009822 - p / 0.018 = 0.000714 -  p / 0.047 
0.0002682 = p / 0.018 -  p / 0.047 
0.0002682 / (55.55 -  21.28) = P = 8.229x10"^ 
substituting back for a  gives: a  = 5.25x10"'^
Thus the nitrogen limited results appear 100 times more growth associated than growth dissociated.
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Appendix 6 Phosphate Limited Chemostat
In an attempt to confirm that non-growth linked product kinetics were observed in phosphate limited 
conditions, attempts were made to establish a phosphate limited chemostat (sec Methods 2.3.3). At low 
dilution rates excessive foaming made it difficult to maintain a constant volume. Using a dilution rate of 
0.026h"^ or higher was found to alleviate this problem. However, the "steady states" obtained did not 
appear to be stable (pigment production was observed intermittently at a supposedly constant dilution 
rate).
A sample taken thought to be from a steady state at D = 0.026h'^ showed biomass at 2.07g/l and 
antibiotic at 0.81jig/ml. This indicates that lower yields of antibiotic were obtained in the phosphate 
limited chemostat compared to the nitrogen limited chemostat (0.4mg/g to 1.2mg/g respectively).
This is consistent with non-growth linked product kinetics in phosphate limited media (as an inverse 
relationship to growth rate would be expected and antibiotic production would be obtained only at low 
growth rates).
Unfortunately, this work has not been confirmed and should only be used as an indication of what may 
be occurring.
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Appendix 7 Data Sheets
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